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Abstract 
My thesis examines the evolutionary ecology of two host-symbiont relationships, using 
molecular, experimental and field data. Chapters 2 and 3 focus on a major pest, the 
Diamondback moth {Plutella xylostelld), and its intracellular parasite, Wolbachia. 
Wolbachia are transmitted maternally in host eggs and often modify host reproduction 
to enhance their own spread. I obtained moth and bacterial DNA sequences and showed 
that host mtDNA variation is correlated strongly with Wolbachia infection status, but 
not generally with country of origin. This infection was associated with a host female-
biased sex ratio in the field and also in laboratory cultures. Additionally, the infection 
was found in equal proportions in both sexes, indicating that the bacteria was either not 
killing all males, or not feminising all males. We hypothesise that this may be due to the 
evolution of host resistance to this sex ratio distorting endosymbiont. 
Chapters 4 and 5 investigate aspects of the mutualism between fig plants {Ficus species) 
and their pollinating wasps (Agaonidae). Many figs have one pollinator species, but 
some have two or more, suggesting that these insects and their host plants do not always 
co-speciate. I focused on Ficus rubiginosa and its pollinator, Pleistodontes imperialis. 
A recent study showed deep mtDNA divergences, suggesting cryptic wasp species. I 
optimised and applied a new suite of 8 nuclear microsatellite markers to study patterns 
of genetic variability for 243 wasps. The combined patterns of nuclear and 
mitochondrial variation suggest that up to four, recently evolved, cryptic pollinator 
species are present on the same host plant. This raises important questions about the 
forces driving this reproductive isolation, and Wolbachia may be involved. Therefore, 
an important aspect of the host-symbiont relationship between wasp and fig may depend 
on another host-symbiont relationship between wasp and Wolbachia. 
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This thesis addresses important general evolutionary and ecological questions about 
symbioses, by focussing on two model host-symbiont systems. Both systems studied 
here have a common theme, the involvement of the very widespread Wolbachia 
bacteria. The thesis probes the complexity of host-symbiont relationships and shows 
how, through detailed examinations of all parties involved, we can reveal the ecological 
and evolutionary patterns and processes. 
In this thesis, I present four research papers about the evolution and ecology of two 
different symbiotic relationships. Each chapter is a self-contained manuscript for 
eventual submission to an appropriate journal, and includes an introduction and 
discussion specific to the topic. While each chapter has its own material and methods 
section, constituents of specific buffers and reagents, as well as detailed descriptions of 
molecular and practical methods that would not appear in published papers, are given in 
detail in Appendix 1. All the chapters are written in the first plural as would be 
appropriate for eventual journal publication. 
In this general introduction I present a broad overview of the field and introduce my 
research topics. I examined the biology of two symbiotic relationships: 1. Plutella 
xylostella, Diamondback moth (DBM) and its endosymbiont Wolbachia-, 2. The fig, 
Ficus rubiginosa, and its pollinating fig wasp, Pleistodontes imperialis. The thesis 
contains two chapters exploring Wolbachia biology, including transmission, 
geographical distribution of infections, phylogenetics, reproductive phenotype and the 
impact of Wolbachia on host mitochondrial DNA evolution and biology. Chapters 4 and 
5 then examine the symbiotic relationship of a fig and its pollinating fig wasp; including 
coevolution/cospeciation, gene flow and speciation, cryptic species and independent fig 
wasp speciation potentially influenced by a different symbiotic relationship, that 
between the wasp and Wolbachia. I begin by introducing symbiotic relationships in 
general and then discuss Wolbachia biology in detail. In order to understand the themes 
of this thesis, a broad understanding of Wolbachia biology is needed and this 
introduction gives details of Wolbachia biology not covered in detail in subsequent 
chapters. I conclude by introducing the biology of the DBM and of figs and fig wasps. 
1.1. An introduction to Symbiotic Relationships 
The term symbiosis in its most general (and original) sense refers to the intimate 'living 
together' of dissimilar organisms (de Bary, 1879). Symbiotic relationships are 
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widespread in nature. A symbiotic relationship can be further classified into five 
ecological classes, depending on the nature of the symbiotic relationship: mutualism 
(both species benefit), commensalism (one species benefits, the other is unaffected), 
parasitism (one species benefits the other is harmed), competition (neither species 
benefits) and neutralism (both species are unaffected). Assignment of a symbiotic 
relationship into these classes is plagued with problems both theoretically and 
practically. Often it is difficult to see whether the mutualistic symbiont benefits. Despite 
being able to measure the benefits to the host through experimental elimination of the 
symbiont, the reverse is often experimentally difficult, if not impossible. It has been 
argued that symbionts are better considered slaves of the host than mutualists (Maynard 
Smith & Szathmary, 1995). Despite problems in the classification of mutualistic 
relationships, it is clear that conflicts and reciprocal manipulation by both parties is 
possible and common. 
1.2. Wolbachia Taxonomy and Phylogeny 
Wolbachia is a genus of endosymbiotic bacteria that falls within the a-subdivision of 
the proteobacteria (Breeuwer et al, 1992; O'Neill et al, 1992; Rousset et al, 1992; 
Stouthamer et al., 1993). Wolbachia was first described from light microscopy analysis 
of mosquito ovaries in the 1920s (Hertig & Wolbach, 1924). There are two major 
subdivisions of Wolbachia in arthropods, termed A and B, which diverged from each 
other approximately 50 million years ago based upon synonymous substitution rates in 
the protein-coding gene (Werren et al, 1995b). Additionally, Wolbachia infect 
filarial nematodes and these bacteria fall into two additional subdivisions, termed C and 
D (Bandi et al, 1998; Sironi et al, 1995). Further to this an extra two Wolbachia 
subdivisions have been identified recently, termed E (springtails) and F (termites) (Lo et 
al, 2002) and pose interesting questions on how many supergroups exist. These major 
Wolbachia subdivisions have alternatively been referred to as groups, clades, subgroups 
and supergroups (Lo et al., 2002; Meer et al, 1999; Stouthamer et al., 1993; Werren et 
al., 1995b; Zhou et al, 1998). This thesis concentrates on Wolbachia infections in 
insects that belong to the A and B subdivisions, and to avoid confusion, they will be 
referred to as A- and B-clade Wolbachia. 
An array of molecular markers are available for Wolbachia systematics. The higher-
level phylogeny of Wolbachia has been estimated using 16S ribosomal DNA (O'Neill et 
al., 1992) and dnaA sequences (Bourtzis et al, 1994), but these genes are too conserved 
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to unravel relationships of different Wolbachia strains. Further resolution and 
classification into the major clades A-F (Bandi et al., 1998; Lo et al., 2002; Werren et 
al., 1995b) and some resolution within these clades (Werren et al., 1995), is found when 
using the Wolbachia analogue of ftsZ, a protein involved in the control of cell division 
(Holdon et al., 1993). More recently, cloning of the Wolbachia surface protein gene 
wsp (Braig et al., 1998) has allowed much greater phylogenetic resolution between 
Wolbachia strains, being about ten times more variable than ftsZ (Zhou et al., 1998). 
Finally, the Wolbachia genome project is now complete and provides many more 
possibility for Wolbachia molecular markers. 
Wolbachia strains are referred to in the context of a given host species, after the 
recommendations of Werren (1997) and Zhou et al., (1998). Zhou et al. (1998) 
suggested that different Wolbachia strains show >2.5% nucleotide divergence of wsp 
sequence. However, this is an arbitrary figure and may not be approproate. For 
example, recent work on mosquitoes have shown that despite different populations 
being infected with the same Wolbachia strain (identical wsp DNA sequence), 
reproductive incompatibilities between these populations, due to Wolbachia, are present 
(Sinkins et al., 2005). This indicates that assignment of stains based on sequence data 
may be ambiguous. Future research should concentrate on examining the reproductive 
phenotype and host reproductive incompatibilities induced by different Wolbachia 
isolates, both within and across host species. Additionally, until the phenotype of the 
Wolbachia strain is established researchers should refer to the Wolbachia infection as an 
isolate. The term isolate does not pose the biological implications that may be inferred 
by using the term strain. Once the phenotype is established and investigated, then strain 
or even species could be considered as the correct terminology to apply. In this thesis I 
refer to the Wolbachia infections as isolates meaning that it is identified as a DNA 
isolate from organism X as determined by sequence data Z. To distinguish between 
Wolbachia isolates I applied the 2.5% sequence difference criterion of Zhou et al. 
(1998). 
1.3. Wolbachia Biology 
Wolbachia lack cell walls and are obligate endosymbionts. Wolbachia depend on their 
host for both reproduction and transmission as they are maternally inherited and are 
considered to be selfish genetic elements, as they manipulate host reproduction to 
enhance their own transmission to the next generation (Hatcher, 2000). Wolbachia 
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infections are only found in arthropods and filarial nematodes, unlike other disease-
causing rickettsial organisms that infect vertebrates, and in paiticular, mammals. It has 
been suggested that there maybe a trade-off in life history strategy between specialising 
in reproductive manipulation or maximising vertical transmission efficiency in 
arthropod hosts, and the ability to infect invertebrate hosts (Anderson & Karr, 2001). 
Four similar surveys of Wolbachia incidence in large numbers of diverse insect species 
from a particular region have all yielded estimates of between 16% and 23% species 
infected (Kittayapong et al., 2003; Werren et al., 1995a; Werren & Windsor, 2000; 
West et al, 1998). These studies indicate that approximately 20% of all insect species 
harbour Wolbachia infections and it has been suggested that this may reflect a global 
equilibrium (Werren & Windsor, 2000). However, although broad surveys suggest 
some consistency in the incidence of Wolbachia infection, there is increasing evidence 
that certain taxonomic groups may be more prone to infection (Werren & Windsor, 
2000). Hymenoptera are the most widely screened group of insects and generally have 
higher incidence of Wolbachia (Werren & Windsor, 2000). They are also generally 
higher in studies focussed on particular hymenopteran groups, with estimates of 50% 
(25/50) of Indo-Australian ant species (Wenseleers et al., 1998), 59% (26/44) of 
Panamanian fig wasp species (Shoemaker et al, 2002), 62% (13/21) of rose gall-
inducing wasps (Rhoditini) and the highest known incidence of 67% (43/64) in 
Australian fig wasp species (Haine et al., 2005). 
Wolbachia are found in the cytoplasm of host cells; however, they are not distributed 
symmetrically throughout the tissues of the host organism. In Nasonia wasps, 
Wolbachia localise to the pole of the egg where germ cells develop (Breeuwer & 
Werren, 1990), while in the mosquito Culex pipiens, Wolbachia are widespread in the 
early development of embryos but eventually become restricted to pole cells (Yen & 
Barr, 1973). In Drosophila simulans, Wolbachia are present in the ovaries and testes of 
infected hosts (Binnington & Hoffmann, 1989; Louis & Nigro, 1989). Such localisation 
in reproductive tissue facilitates transmission from generation to generation. 
1.4. Host Reproductive Phenotypes associated with Wolbachia 
The main mode of Wolbachia transmission is vertical, via the host maternal line (but 
see Hoffmann & Turelli, 1988). Consequently, Wolbachia manipulate host reproduction 
17 
in order to maximise transmission tlirough female hosts and to spread in the next 
generation. They do this in four main ways, explained below. 
1.4.1. Cytoplasmic Incompatibility 
The most common and first documented phenotypic effect of Wolbachia is cytoplasmic 
incompatibility (CI) (Yen & Barr, 1973). CI results in host embryonic mortality and can 
be either unidirectional (between uninfected and infected individuals) or bi-directional 
(between infected individuals). Unidirectional incompatibility occurs when infected 
males mate with uninfected females, while the other three cross types are fully fertile 
(Figure 1.1). Bi-directional incompatibility occurs when individuals infected with 
different, incompatible Wolbachia strains mate. CI can result in zygote mortality in 
diploid species, and either zygote mortality or haploid male production in haplodiploid 
species (Vavre et al, 2001). 
The mechanism of CI is currently unknown, although a mod resc model has been 
hypothesised. This postulates the existence of two bacterial functions, mod 
(modification) and resc (rescue) (Charlat et al., 2001). The bacteria in the testes modify 
the developing sperm acting on the nucleus in the males' germline before the bacteria 
are shed from the mature sperm. The Wolbachia modified sperm can only be rescued if 
the same bacterial strain is present in the egg to rescue this modification. The model is 
consistent with both uni- and bi-directional incompatibility. However, the precise 
molecular/biochemical pathway of CI is not known. Cytological evidence suggests that 
Wdlbachia infection disrupts the condensation of paternal chromosomes and prevents 
the sperm from fusing with the female pronuclei in the wasp, Nasonia vitripennis (Tram 
& Sullivan, 2002). CI has been championed as a significant means through which 
Wolbachia can spread rapidly through uninfected populations (Turelli & Hoffmann, 
1991), because it reduces the fitness of uninfected females relative to infected females. 
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F X M F1 
1. = Infected 
2 — Infected FX 
X = No host eggs hatch. 
4. 
— Uninfected FI 
Figure 1.1 Schematic showing the four different unidirectional host 
Wolbachia crossing outcomes of CT 
Red colouration indicates Wolbachia infccted host. 
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1.4.2. Parthenogenesis Induction 
Parthenogenesis defines the process of reproduction of a female gamete without 
fertilization by a male gamete and can be induced by Wolbachia. Wolbachia induced 
parthenogenesis appears to be restricted to haplodiploids and occurs in a number of 
parasitic hymenopteran species (reviewed in Stouthamer, 1997), as well as some mite 
species (Weeks & Breeuwer, 2002). Wolbachia induced parthenogenesis (PI) has been 
studied in Trichogramma species (Schilthuizen & Stouthamer, 1997), where an 
unfertilised egg normally develops into a haploid male, while a fertilised egg develops 
into a diploid female. This reproductive system is called arrhenotoky. Although the 
molecular mechanism of PI is unknown (as for CI), cytological evidence from different 
species suggests that Wolbachia infection results in a form of thelytokous reproduction 
in unfertilised eggs of infected females (Stouthamer & Kazmer, 1994), whereby two 
sets of chromosomes fail to segregate resulting in a single nucleus containing two 
copies of the same set of chromosomes. This results in female offspring that are 
homozygous at all loci, in a process called gamete duplication (Stouthamer & Kazmer, 
1994). 
1.4.3. Feminisation of genetic males 
In some isopods (Bouchon et al, 1998) and lepidopteran (Fujii et al., 2001) species, 
Wolbachia causes genetic male embryos to develop as functional females. Feminising 
Wolbachia are limited to species in which the genetic sex determination is female 
heterogamety. Again, the precise molecular mechanism that feminising (F) Wolbachia 
induces is unknown; however, in the isopod Armadillium vulgare, F Wolbachia block 
the formation of the androgenic gland, which produces the hormone responsible for 
male differentiation (Martin et al., 1990). 
1.4.4. Male-Killing 
Male-killing (MK) Wolbachia strains distort the sex ratio of their hosts by killing male 
embryos in the early stages of embryogenesis. MK may increase the life-time 
reproductive success of sisters of the dead male host if they carry the same Wolbachia 
strain, either by reducing sibling competition, by providing resources to females that 
cannibalize dead brothers, or by reducing inbreeding (Hurst & Jiggins, 2000a). MK 
Wolbachia are associated with low insect egg hatch rates and male skewed sex ratio of 
hosts. 
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MK may also effect host mating behaviour. For example, in the butterfly, Acraea 
encedon, infected populations are so limited in the number of males, that females form 
leks to attract males, which results in some remaining virgins due to a lack of males 
(Jiggins et al, 2000b). It has been suggested that MK occurs at low frequency within 
infected host populations, so that it does not drive its host and itself to extinction; 
however, cases of high infection frequencies of MK within populations have been found 
in Acraea encedon (Jiggins et al., 2000a). It is also thought that high transmission 
efficiency and low cost of the MK Wolbachia keeps the infection at such high 
prevalence in some Acraea encedon populations. However, the factors maintaining 
uninfected females, and therefore males are unknown, as there was no male mate 
preference for uninfected females (Jiggins et al., 2002b). It has recently been suggested 
that host resistance evolution, host ecology and interference with additional symbionts, 
may account for the high prevalence of MK Wolbachia in some populations (Charlat et 
al., 2005). 
1.5. Other host phenomena associated with Wolbachia 
Wolbachia are also associated with other phenomena in their host as an indirect result of 
the phenotypic effects Wolbachia induce. These phenomena include differential sperm 
competition, host fitness changes and divergence of mitochondrial DNA in infected 
populations. Mitochondrial DNA divergence and speciation is discussed in detail in 
Chapter 2 and Chapter 5, respectively, so will not be presented here. 
1.5.1. Sperm Competition and host fitness changes 
Wolbachia are thought to have an effect on sexual selection via sperm competition 
(Champion de Crespigny & Wedell, 2006; Wade & Chang, 1995), mate choice 
(Champion de Crespigny et al., 2005) and mating frequency (Champion de Crespigny et 
al, 2006). The effect of Wolbachia on mating behaviour and sperm competition is a 
relatively recent research topic and indicates that Wolbachia dynamics may be more 
complicated than first thought. For example, within two species of Drosophila, infected 
males mated significantly more often than uninfected males (Champion de Crespigny et 
al., 2006). It has previously been shown that the effects of CI are reduced rapidly to 
zero with repeated male mating (Karr et al., 1998; Reynolds & Hoffmann, 2002). These 
data suggest that infected males are applying a behavioural response to the Wolbachia 
infection to increase their own fitness. Further to this, it has also been shown that 
Wolbachia infected Drosophila simulans males have a reduced competitive ability in 
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sperm competition compared with uninfected males (Champion de Crespigny & 
Wedell, 2006). Consequently, increased mating may be a mechanism to compensate for 
decreased competitiveness. 
Are infected males mating more often due to female mate choice? It has been shown 
that assortative mating based on infection status does not occur in D. simulans 
(Hoffmann & Turelli, 1988; Hoffmann et al, 1990). However, this is not surprising, as 
infected females are able to successfully mate with both infected and uninfected males. 
However, I expect that uninfected females would prefer to mate with uninfected males, 
or non-virgin infected males, to avoid/reduce CI effects. Further studies should 
carefiilly consider both male and female roles in mating behaviour when assessing the 
effects of Wolbachia on CI. 
A simple experiment could be conducted where uninfected females were presented with 
four males, one of each of the four Wolbachidmsited status; 1. Infected virgin; 2. 
Infected pre-mated; 3. Uninfected virgin and 4. Uninfected pre-mated, and mating 
success recorded. However, in order to achieve this we would need to be able to detect 
which male was successful, probably requiring microsatellite markers; which are 
readily available in Drosophila. Alternatively, the time until copulation with no choice 
(single male and single female pairings) could be used as a measure of the probability 
of mating success of a particular male status, and an indirect measure of female mate 
choice. 
Other fitness effects of Wolbachia have been investigated and include effects on 
longevity (Min & Benzer, 1997) and oogenesis (Dedeine & Fleury, 2001). 
Study Systems 
In order to understand the systems investigated, a background of the current research on 
these systems is required. Below I will discuss Diamondback moth {Plutella xylostella) 
and fig (Ficus rubiginosa) / fig wasp (Ficus imperialis) biology and ecology, in addition 
to the role Wolbachia plays in these systems. 
1.6. Introduction to the biology Diamondback moth (DBM), Plutella xylostella 
The DBM is a major world-wide pest of cruciferous plants and the annual cost of 
managing this species is estimated to be US $1 billion (Talekar & Shelton, 1993). No 
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recent studies have estimated current costs for managing the species. The DBM is 
thought to have originated in the Mediterranean region (Haicouit, 1963), although there 
is some evidence for an African origin (Kfir, 1998). However, DBMs now occur 
wherever crucifers are grown and the insect is thought to be the most universally 
distributed of the Lepidoptera (Talekar & Shelton, 1993). It is likely that man-made 
introductions were the main source of DBM in some parts of the world; for example, 
the DBM was introduced in to Hawaii approximately 100 years ago (Zimmerman, 
1978). However, extensive migration of DBMs is also common, and direct observations 
using vertical-looking radar have confirmed that long distance migration from 
continental Europe is the main source of populations in the UK in late spring (Chapman 
et al, 2000). 
DBMs have been shown to harbour Wolbachia infections (Jeyaprakash & Hoy, 2000) 
but consequences of these infections have not yet been examined. The DBM is a good 
model system to study Wolbachia dynamics and host-symbiont interactions due to its 
large geographical range, frequent man-made introductions, and natural migrations. 
Chapter two examines the interaction of DBM and Wolbachia by studying host 
mitochondrial and nuclear DNA patterns with respect to Wolbachia infection status. 
Chapter three investigates the phenotypic effect of the most common Wolbachia 
infection found in DBM populations, using both field and laboratory data on host sex 
ratios and the transmission of the infection. Chapter three also discusses general 
population dynamics with respect to the evolution of host resistance to this infection. 
1.7. Introduction to the biology of Fig wasps 
The mutualism between fig wasps (Hymenoptera: Aganoidae) and figs (Moraceae: 
Ficus) is well studied and highly interesting to evolutionary biologists for a number of 
reasons. There are over 750 species of figs world-wide (Berg, 1989). Each fig species 
has one or two associated pollinating wasp species that enters the receptive fig 
inflorescences syconium through a narrow opening (ostiole) and oviposits into some fig 
ovaries (Cook & Rasplus, 2003). At the same time, the female wasp pollinates the 
female flowers in the syconium. Following larval development (male wasps hatch first), 
the wasps mate and then the males chew holes through the syconium wall through 
which the females leave. Meanwhile, the male flowers in the syconium have reached 
maturity and female wasps acquire pollen before dispersing. Females then disperse to 
find new receptive syconium, which they enter, pollinate the female flowers and lay 
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their eggs. The term foundress is used to describe the female fig wasp that enters the fig. 
Only a few foundresses enter each syconium. As a result, there is local mate 
competition resulting in a strongly female biased sex ratio (Herre et al, 1997; Herre, 
1985). Fig-pollinating wasps are highly adapted to their fig host. Females have 
elongated heads, easily detachable antenna and wings, and mandibular appendages that 
facilitate syconium entry through ostiole (van Noort & Compton, 1996). In contrast, 
male pollinating wasps are small, wingless, have reduced antennae and eyes, and are 
thus adapted to their short lives inside the fig syconium, which they do not leave. See 
Figure 1.2 for detailed life cycle diagram. 
The incidence of Wolbachia infections in fig wasps is the highest of all insect taxa 
studied with ca 70% of Australian and Panamanian species harbouring infections 
(Maine & Cook, 2004; Shoemaker et al, 2002). In this thesis I concentrate on one fig 
wasp/fig interaction, that between the pollinating fig wasp Pleistodontes imperialis and 
its host fig, Ficus rubinginosa. Recent work indicates that there is polymorphism in 
Wolbachia infections across P. imperialis' natural range (East Coast Australia) (Haine 
et al., 2006). Additionally, data on mtDNA and nuclear sequence variation indicate the 
possibility that the classification of P. imperialis is incorrect and there maybe actually 
be up to four cryptic species within this classification (Haine et al, 2006). This leads to 
interesting questions regarding how this species evolved independently of its host fig 
species and suggests that Wolbachia may play a role in the speciation process that has 
occurred. I optimised and applied 8 nuclear microsatellite markers to study patterns of 
genetic variability in P. imperialis across its natural range. Chapter four describes the 8 
microsatellite markers for P. imperialis. Chapter five examines the variation across 
these highly variable loci with respect to mtDNA variation in over 200 P. imperialis 
wasps and discusses the role that Wolbachia may play in speciation within this system. 
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Female wasp finds receptive 
fig fruit 
Pollinators enter 
T n . I fruits via ostiole 
Mated female pollinators carry 
pollen away to a new receptive 
fig fruit. Males die in fig Wasps pollinate flowers and lay 
eggs in fruit 
All wasps emerge and 
mate (high amounts of 
sibling mating). Fig 
pollen sacks mature 
Figure 1.2 Life cycle: interactions between figs and fig wasps 
1.8. Thesis Outline 
This thesis examines the evolutionary ecology of two host-symbiont relationships, using 
molecular, experimental and field data. 
Chapters 2 and 3 examine a major pest, the Diamondback moth {Plutella xylostella), 
and its intracellular parasite, Wolbachia. 
• Chapter 2 investigates whether Wolbachia has affected host mtDNA and nuclear 
DNA evolution, in addition to biogeographic patterns of DBM. 
• Chapter 3 investigates the phenotypic effects and dynamics of the most common 
Wolbachia infection in DBM populations. 
Chapters 4 and 5 examined the mutualism between fig plants {Ficus species) and their 
pollinating wasps (Aganoidae). I focused on Ficus rubiginosa and its pollinating wasp 
Pleistodontes imperialis that has a wide natural range in east Australia. 
• Chapter 4 optimisation and applies a new suite of 8 nuclear microsatellite 
markers for P. imperialis. 
• Chapter 5 used these microsatellite markers in addition to data on mtDNA clade 
membership to study patterns of genetic variability in >200 wasps from across 
the host plant range. 
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Chapter 2 
Diamondback moth Phylogeography and 
Wolbachia infections 
Delgado AM & Cook JM 
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2.1. Abstract 
Intraspecific gene genealogies are influenced by demographic processes, but also by 
endosymbionts, such as Wolbachia. Wolbachia are widespread cytoplasmically 
inherited bacteria that can become associated with particular mitochondrial haplotypes. 
We studied phylogeography and Wolbachia infection in a worldwide pest, the 
diamondback moth (DBM), Plutella xylostella. We sampled 92 moths from 10 
countries world-wide, screened them for Wolbachia, and sequenced a mitochondrial 
(COl) and a nuclear locus (L27A). We detected Wolbachia infections in 25 moths 
(from Malaysia, Kenya and Germany). There were three different infections, but only 
one of these was found in many individuals. Wolbachia PlutWBl infection was found in 
Kenya and Malaysia and all moths infected with this infection possessed almost 
identical or mutational derivatives of a COl sequence and were associated with a deep 
division in the DBM mitochondrial phylogeny, but not in the nuclear phylogeny. This 
suggests the spread of a specific mitotypes and associated mutational derivative 
associated with PlutWBl. One moth demographic event was also suggested by the gene 
genealogies. Moths from Australia and New Zealand showed almost no COl variation 
and formed a monophyletic clade (with one moth from Malaysia) in the mitochondrial 
phylogeny. This Australia/New Zealand clade was not present on the nuclear 
phylogeny, however all these moths were restricted to one of the two major clades on 
this phylogeny. The data suggest that a recent genetic bottle-neck has removed mtDNA 
and some nuclear DNA variation in these moth populations. The bottle-neck was 
probably due to the recent introduction of the moth, by man, to Australia or New 
Zealand and subsequent transportation to the other locality. 
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2.2. Introduction 
Wolbachia are Alphaproteobacteria that live intracellularly within aitlu'opod and 
nematode hosts. Surveys of Wolbachia incidence in large numbers of diverse insects 
have all produced similar estimates of between 16% and 23% species infected 
(Kittayapong et al, 2003; Werren et al, 1995a; Werren & Windsor, 2000; West et al, 
1998). However, one study suggested that Wolbachia prevalence could be as high as 
76% (Jeyaprakash & Hoy, 2000). Wolbachia are transmitted vertically from female 
hosts to their progeny via the egg cytoplasm. However, comparisons of host and 
Wolbachia phylogenies (Kittayapong et al, 2003; O'Neill et al., 1992; Schilthuizen & 
Stouthamer, 1997; Stouthamer et al, 1993; Werren et al., 1995b) and experimental 
studies (Heath et al, 1999; Huigens et al, 2003; Huigens et al, 2000) indicate that 
horizontal transmission within and between host species has also occurred at many 
points in the evolution of the Wolbachia group. Hurst & McVean (1996) suggested that 
horizontal transmission of Wolbachia allows their long-term evolutionary persistence 
since given infections eventually go extinct. Cases of incomplete vertical transmission 
have been reported in the field and have been attributed to temperature (Hurst et al, 
2001). As a result of incomplete vertical transmission, and dispersal between sites, 
populations with both infected and uninfected individuals are common (Hoffmann & 
Turelli, 1988; Hoffmann a/., 1994; Solignac et al, 1994). 
Wolbachia enhance their own transmission by causing a range of phenotypic effects in 
their hosts, including cytoplasmic incompatibility (Hoffmann & Turelli, 1997), 
thelytokous parthenogenesis (Stouthamer et al., 1993), feminization of genetic males 
(Bouchon et al, 1998) and male-killing (Hurst et al, 1999). These mechanisms either 
increase the number of daughters an infected host produces or reduces the evolutionary 
fitness of uninfected females, hence aiding the spread of Wolbachia through a 
population via its maternal route. The spread of Wolbachia through a host population 
via any of the above mechanisms causes a concomitant spread of all maternally 
inherited organelles (Hoffmann et al, 1998; Hurst & Jiggins, 2005; Solignac et al, 
1994; Turelli, 1994; Turelli & Hoffmann, 1991; Turelli & Hoffmann, 1995). Under 
these conditions, populations invaded by Wolbachia carry the mitochondrial haplotyope 
(mitotype), and its mutational derivatives, associated with the first individual in that 
population to have become infected. Therefore we expect to find particular mitotypes/s 
associated with specific Wolbachia infection/s. 
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Studies examining patterns of mitochondrial diversity in species infected with 
Wolbachia have generally found associations between mitotypes and Wolbachia 
infections (Ballard, 2000; Ballard et al, 1996; Ballard & Kreitman, 1994; Ballard, 
2004; Baudry et al, 2003; Charlat et al, 2005; Dean & Ballard, 2005; Jiggins & 
Tinsley, 2005; Johnstone & Hurst, 1996; Narita et al., 2006; Shoemaker et al., 2003; 
Turelli et al., 1992; van Ophijnen et al., 2005). If all transmission within species has 
been vertical, infected populations should also have lower mitochondrial DNA diversity 
than comparable uninfected populations. Further to this, infected populations may 
experience a high rate of substitution of slightly deleterious mutations, leading to an 
accelerated rate of mtDNA evolution due to their effective population size being one 
(Shoemaker et al, 2003). The pattern of nucleotide substitution may also differ between 
infected and uninfected lineages. Additionally, species infected with Wolbachia may 
also show minimal mtDNA variation between populations, even in the virtual absence 
of gene flow, as even small amounts of interbreeding can lead to transmission of 
Wolbachia between populations and parallel sweeps of mtDNA variants due to the 
reproductive advantage of infected females (Caspari & Watson, 1959; Fine, 1978; 
Prout, 1994; Turelli, 1994). Paradoxically, the spread of Wolbachia through a single 
population can also increase differentiation of mtDNA between populations if the 
Wolbachia are unable to invade neighbouring populations. 
Lack of mtDNA variation in populations has often been attributed to genetic bottle-
necks, such as founder effects (Birky et al., 1989); however, the two causes of reduced 
diversity of mtDNA, Wolbachia and bottle-necks, can be distinguished by examining 
nuclear DNA phylogenies. Wolbachia should not affect nuclear DNA diversity and 
nuclear phylogenies should not reveal clade/s based on the presence/absence of 
Wolbachia. It is important to consider Wolbachia when making inferences about genetic 
diversity within and between host populations (Hurst & Jiggins, 2005). For example, if 
nuclear markers exhibit similar diversity to mtDNA markers, the loss of mtDNA 
diversity is most likely due to a demographic process (Avise, 2000). However, 
Wolbachia infections could create a direct genetic barrier, which could ultimately lead 
to speciation (Bordenstein et al., 2001; Shoemaker et al., 1999; Wade, 2001) and could 
cause mitochondrial and nuclear DNA phylogenies to be similar. 
The Diamondback moth, Plutella xylostella (DBM) is a major pest of Brassica plants 
and may be the most geographically widespread of all Lepidoptera (Talekar & Shelton, 
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1993). It is thought to be endemic to the MediteiTanean region (Hai'couil, 1963), 
although there is some evidence for an African origin (Kfir, 1998), and its current 
global distribution is both due to natural migrations and man-made introductions. The 
species is capable of long distance migration and direct observations using vertical-
looking radar have confirmed that long distance migration from continental Europe is 
the source of populations in the UK in late spring (Chapman et al, 2000). 
Most existing studies investigating genetic structure of populations of DBM are limited 
and inconclusive (Chang et al., 1997; Kim & Lee, 2003). Two studies have examined 
mtDNA; however they are either limited in their sampling (Chang et al., 1997) or 
concentrate within one geographical region (Kim & Lee, 2003). One recent study 
overcame both these problems and applied six polymorphic micosatellite loci to 
investigate population structure and gene flow within Australia, but found no evidence 
for any geographic population structure in Australia or New Zealand (Endersby et al., 
2006). However, they found large differences between the Australian/New Zealand 
moths and moths from Kenya, Malaysia and Indonesia. Other evidence suggests that 
DBM are infected with at least two different strains of Wolbachia (Jeyaprakash & Hoy, 
2000). 
To study the geographic and evolutionary history of DBM the following factors must be 
considered. First, Wolbachia infections are likely to influence patterns of mtDNA 
diversity and evolution (Hurst & Jiggins, 2005). Second, both natural migration and 
introductions via man have led to the current global distribution of DBM. Newly 
invaded/introduced areas may show 'founder effects', having only a subsample of the 
genetic variation, and form monophyletic clades on a molecular phyloegeny (Birky et 
al., 1989). Third, pest management has placed a huge selective pressure on DBM due to 
selection for resistance to pesticides and biological control agents (Heckel et al., 1995; 
Heckle et al., 1995; Tabashnik et al, 1990). The selective pressure of pest control could 
itself cause selective sweeps and reduction in genetic variability; however, this would 
affect both mtDNA and nuclear DNA. In this paper we address some of these issues 
using multiple genetic markers. Mitochondrial cytochrome oxidase I and nuclear 
ribosomal protein gene L27A sequence data from samples of DBM across ten countries 
and spanning four continents were collected and analysed. Additionally, we screened 
and identified individuals infected with Wolbachia and sequenced the Wolbachia 
surface protein gene (wsp) of those infections. We analyse spatial patterns of variation 
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in Wolbachia infection and both mitochondrial and nuclear DNA and investigate the 
relationship between mtDNA and Wolbachia infection status. 
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2.3. METHODS 
2.3.1 Sampling and DNA extraction 
Between 2001-2006 we sampled 92 Plutella xylosfella individuals, which can be 
divided into 33 groups according to their collection site. The sites are distributed across 
10 Countries: Australia, New Zealand, Malaysia (Penisular and Sabah), Kenya, South 
Africa, United Kingdom, Taiwain, Sweden, Germany and Hawaii. We also included 
three Plutella porrectella individuals from the UK (Oxford) as outgroups. Insects used 
were either final instar larvae or adults and were field caught individuals or their F1 
offspring (except Sweden, South Africa and UK - Oxford, which were laboratory 
cultures). Insects collected were stored in 70-100% ethanol for preservation of DNA. 
To minimise the risk of contamination, the pre-extraction treatment and all DNA 
extractions were performed under sterile conditions After taking insects out of their 
collection tubes, each individual was cleaned by immersion in 70% ethanol, followed 
by two rinses in double-distilled DNA/RNA free water and then allowed to dry for 5 
min. Larvae were dissected and checked for endoparasites. DNA was then extracted by 
grinding the abdomen of adults, or the entire larva, in 200ul of 5 % Biorad Ghelex 100 
resin solution in the presence of proteinease K (12[xg/fxl), followed by 3h incubation at 
55°C and 15min boiling at 96°G. The samples were then centrifuged and stored at -
20°G until use. For each set of extractions a blank extraction was performed using all 
the reagents minus the DNA extract (this was performed at least once for every 10 
insects). 
2.3.2 Molecular Methods 
We tested for the presence of Wolbachia infection with PGR using extended versions of 
the Wolbachia specific primers > Z / / 5' GTT GTG GGA WTA GYG ATG GTG A 3' 
smdftsZrl 5' GTT AAG TAA GGT GGT ATA TGA ATA 3' (Werren et al, 1995b) to 
amplify an approximately lOOObp stretch of the FtsZ gene encoding the bacterial cell 
cycling gene. We scored individuals yielding a product of the expected size as 
provisionally infected, and samples that did not amplify as provisionally uninfected. 
DNA extracts that tested positive for ftsZ were then double-checked by performing a 
PGR using a different set of Wolbachia specific primers (wspSlF and wsp691R) (Zhou 
et al, 1998), which amplify the wsp {Wolbachia Surface Protein) gene and yield a 
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product of approximately 550bp. All samples that were positive for ftsZ also tested 
positive using the wsp primers. We later sequenced these M>sp products. 
Provisional negative Wolbachia DNA extracts were tested for the quality of DNA 
extract by performing PCR for part of the insect mitochondrial cytochrome oxidase I 
gene (COl). We used Cl-J-2183 (alias Jerry) and L2-N-3014 (alias Pat) primers, which 
yield an approximately lOOObp product (Simon et al, 1994). If COl PCR was 
successful, we regarded the sample as uninfected. If it failed, we excluded the sample 
from our data. DNA extracts that scored as Wolbachia infected were also amplified for 
the COl gene. All the COl genes amplified were later sequenced. 
Finally, a segment of the nuclear L27a gene, encoding the ribosomal protein L27a was 
amplified using the primers L27aForl 5' ACG GTC ATG GAC GTA TCG GTA A 3' 
and L27aRev2 5' ATG TTG ATG ACT GGC ACC TTG C 3' (S Baxter, Personal 
communication) to yield an approximately 200bp product, which was later sequenced. 
The PCR temperature profile for ftsZ was 95°C for 30sec, 55°C for 1 min and 72°C for 
1 min, for a total of 35 cycles, and final elongation time of 7min at 72°C. We used the 
same conditions for wsp, L27a and COl (annealing temperature reduced to 50°C). We 
electrophoresed 25ul of each PCR product on a 1% agarose gel to determine amplicon 
presence and size. We excised gel bands and purified them using a GFX DNA 
Purification Kit (Amersham Pharmacia Biotech Inc.), before sequencing directly in both 
directions using the PCR primers. Sequences were obtained using the ABI PRISM Big 
Dye Terminator Cycle Sequencing Kit (Perkin Elmer Inc.) and the ABI Prism 3700 
DNA Analyser (Perkin Elmer Inc.) and assembled using Sequencher^'^ (Gene Codes 
Cooperation). 
2.3.3 Sequence alignment andphylogenetic analysis 
Sequences were aligned manually using SE-AL v2.0all Carbon [following previous 
alignments and excluding the third hypervariable region in the case of wsp (Jeyaprakash 
& Hoy, 2000; Shoemaker et al., 2002; Zhou et al., 1998)]. There were no gaps in the 
COl sequence alignment of DBM samples. There was a 9bp gap that started at base 182 
in the L27a sequence alignment of the DBM samples. 
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To determine the phylogenetic affinities of the Wolbachia isolates that were present a 
neighbour-joining tree (Saitou & Nei, 1987) of the wsp sequences was constructed 
using PAUP* version 4.0b (Swofford, 2002). We adopted the standard criterion of 2.5% 
wsp sequence divergence to distinguish between Wolbachia isolates (Zhou et al., 1998). 
MtDNA (COl) phylogeny was reconstructed using Maximum Parsimony (MP) and 
neighbour-joining (NJ) methods (Saitou & Nei, 1987), as implemented in PAUP* 
version 4.01b (Swofford, 2002) and treating gaps as missing data. MP trees were 
reconstructed using the (Quicke et al., 2001) method by conducting an initial heuristic 
search of 10,000 random additions, tree-bisection-reconnection (TBR) branch 
swapping, and holding one tree per replicate. We then used the trees generated by the 
initial search as starting trees for a second heuristic search, in which we saved multiple 
trees. We assessed clade support using 1000 bootstrap replications. 
Nuclear DNA (L27a) phylogeny was reconstructed using neighbour-joining (NJ) 
methods (Saitou & Nei, 1987), as implemented in PAUP* version 4.01b (Swofford, 
2002) treating gaps as missing. Maximum Parsimony (MP) methods could not be used 
successfully on the nuclear DNA data set as computational time was too long (>4 days). 
The programme MODELTEST 3.06 (Posada & Crandall, 1998) was used to select a 
model of nucleotide substitution for N-J trees, by examining hierarchically the effect of 
unequal base frequencies, different rates between transitions and tranversions, different 
rates between all substitutions and rate variation over nucleotide sites. The model 
HKY+G best fitted the wsp and COl and was used as the distance measure to 
reconstruct the NJ trees for the wsp and COl data. The model F81+G was selected for 
the L27a data. Bootstrap values were generated from 10,000 pseudoreplicates. The trees 
resulting from these analyses were rooted using Plutella porrectalla (outgroup) 
individuals in the case of the mtDNA (COl) phylogeny, and midpoint rooted for the 
nuclear (L27a) and wsp phylogenies. 
2.3.4 Analysis of mtDNA evolution 
Haplotype number, haplotype diversity and nucleotide diversity (jt) (Nei, 1987; Nei & 
Li, 1979; Tajima, 1983) were calculated for regions [1. Australasia (Australia/New 
Zealand), 2. Africa (Kenya/South Africa), 3. Europe (UK, Germany, Sweden), 4. Asia 
(Malaysia, Taiwan) and 5. Hawaii], and also for groups according to Wolbachia 
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infection status, to examine DNA polymorphism. Haplotype diversity describes the 
number and frequency of different haplotypes and nucleotide diversity is defined as the 
average number of pair-wise nucleotide difference per site. Haplotype and nucleotide 
diversity measurements are appropriate for this type of data because they do not depend 
on the length of DNA fi-agment or sample size (Nei, 1987), unlike the number of 
pairwise nucleotide differences or haplotypes. 
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2.4. Results 
2.4.1. Wolbachia infections in Plutella xylostella 
Three different Wolbachia isolates, called plutWAl, plutWA2 and plutWBl, were found 
in our Plutella xylostella samples. Wolbachia infected moths were found in Malaysia 
(both Sabah and Peninsular), Kenya and Germany. However, in each of these countries 
some individuals were uninfected (Table 2.1). 
Geographical Number of Number infected Wolbachia isolate 
Region (Number of individuals with Wolbachia found 
localities in tested for 
brackets) Wolbachia 
Australia (14) 19 0 
Malaysia (5) 28 18 plutWAl & plutWBl 
Kenya (5) 13 5 plutWBl 
UK (3) 8 0 
Taiwan (1) 3 0 
Sweden (1) 4 0 
Germany (1) 5 2 plutWA2 
Hawaii (1) 4 0 
New Zealand (2) 5 0 
South Africa (1) 3 0 
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- 0.002 subsitutions/sites 
Figure 2.1. Neighbour-joining (NJ) tree based on the wsp gene sequences of Wolbachia endosymbionts from Plutella 
xylostella (Country of Origin) and other insects. Bootstrap values >65% are shown. 
*Wolbachia isolates previous studies found infecting DBM (Jeyprakash & Hoy (2000) 
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2.4.2. Cytochrome Oxidase I (COl) Phytogeny: Wolbachia infections and 
phylogeography 
The mtDNA data set consisted of 637bp of the COl gene sequenced from 95 
individuals (including three Plutella porrectalla individuals as an outgroup). There were 
72 variable nucleotide sites, of which 55 were informative for MP analyses. This 
variation yielded 22 discrete haplotypes (Table 2.2), of which 11 where unique to one 
individual. 
MP and NJ topologies were identical and revealed a deep split (2.5% sequence 
divergence) between all individuals infected with plutWBl and the remainder of the 
DBM from across the world not infected with this Wolbachia isolate (Figure 2.2). In 
contrast the largest pairwise distance between moths not infected with plutWBl was 
only 1.75%. A total of 21 moths were infected with plutWBl and these were found in 
Asia (Malaysia (Sabah and Peninsular)) and Africa (Kenya). They all showed very 
similar mitochondrial sequences, with maximum pairwise sequence divergence of 
0.314%, forming mitotype groups 1, 2 and 3 and a well-supported monophyletic clade 
(Figure 2). 
Both A clade Wolbachia isolates found were found at such low frequencies, with only 2 
individuals infected with each of plutWAl and plutWA2, that assessment of their 
association with mtDNA is impossible. 
In general, moths do not cluster on the phylogeny according to geographic region. 
However, all DBM samples from Australia (Haplotype 7, 8 and 13) and New Zealand 
(Haplotype 7), along with one DBM from Malaysia (Haplotype 7) form a well-
supported monophyletic clade (Figure 2.2). Australia was the best sampled country, 
with moths from 14 sites across the whole of Australia (except the Northern Territory), 
as well as 2 sites in New Zealand. 
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17* 18* 19* 20* 21* 22 
Australasia (n=22) + + + 
Out 
Group 
Asia («=31) + + + + + + + + + 
Africa (n=14) + + + + + + + + + 
Europe («=17) + + + + + 
Hawaii («=4) + + 
Table 2.2. Geographic distribution of COl haplotypes 








Infected with PlutWBl Wolbachia 
(m=21). 
Asia & A f r i c a 
.Haplotype 1 (n=16) 
I Haplotype 2 (n=3) 







JHaplotype 5 (n=3) 
I Haplotype 14 Asia 
-Haplotype 16 Asia 
—Haplotype 17 Hawaii 
•Haplotype 19 Europe 
I Haplotype 20 Africa 
Haplotype 6 (n=21) 
J-Haplotype 11 (n=2) 
I Haplotype 15 Europe 
Haplotype 21 Africa 
I Haplotype 8 Australasia 
I lHaplotype 7 (n=23) 
Haplotype 16 Asia 
Haplotype 9 Africa 
Haplotype 12 (n=2) 
Haplotype 10 (n=2) 
Haplotypel3 Australasia 
Haplotype 4 (n=l) 
0 . 0 0 2 
Figure 2.2 Neighbour-joining tree for mtDNA haplotypes of Plytella xylostella based on sequences from a portion of the 
cytochrome oxidase I (COl) gene. Bootstraps greater than 65% are shown in percentages for each node (NJ/MP). 
Numbers in brackets indicate how many moths possessed that particular haplotype. 
The region of origin is given for unique haplotypes. 
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2.4.3. Molecular Evolution of Cytochrome Oxidase I (COl). 
Haplotype and nucleotide diversity estimates for different geographic regions are 
presented in Table 2.3. Nucleotide diversity (jt) for each region is generally low but 
ranges from 0.0013 to 0.091. The highest nucleotide diversity was found in Asia, 
followed by Africa; importantly, these are also the 2 countries that harboured the 
plutWBl Wolbachia infection and its divergent associated mitotype. Australasia showed 
the lowest haplotype diversity and nucleotide diversity, despite field sampling from 14 
sites across Australia and 2 in New Zealand. This is reflected further by comparisons 
with the Hawaii data (Table 2.3). Hawaii is comparable to Australasia in that it is an 
island that is relatively isolated and used only had modem agricultural methods 
relatively recently. Only one site was sampled within Hawaii, examining only 4 moths, 
however despite this limited sampling in Hawaii, Hawaii still had a higher haplotype 
diversity than the Australasia data and values similar to those found across Europe. 
Haplotype and nucleotide diversity estimates for different groups according to 
Wolbachia infection status are presented in Table 2.4. All infected groups have lower 
haplotype number, and haplotype and nucleotide diversity, when compared to their 
respective uninfected groups (Table 2.4). Additionally, the infected moth groups 
showed some variation in their mitochondrial sequence suggesting that either: 1. The 
infections are of independent origin and have different associated mitochondrial 
sequences or, 2. They are reasonably old infections and their respective hosts have had 
the time to accumulate changes in their mtDNA sequence. Scenario 2 is a more 
parsimonious solution for these data, and suggests that the presence of this infection on 
two continents is likely due to transportation via the infected host from one to the other. 
It is likely that the high nucleotide and haplotype diversities found in Kenyan and 
Malaysian moths could have either been driven by the i) infected or ii) uninfected moths 
or iii) the interaction between these two types of infection states causing barriers to 
genetic flow in certain directions. However, the data suggest that current high genetic 
















Australia 16 22 5 0J38 8 0.0013 0.0007 
Asia 6 31 10 &839 17 0.0093 0.0006 
Africa 6 14 9 0.934 15 0.0091 0.0010 
Europe 5 17 5 0.507 5 0.0012 0.0004 
Hawaii 1 4 2 0.500 2 0.0015 0.0008 
Table 2.3. Haplotype and nucleotide diversity for mtDNA COl sequences in 
Plutella xylostella from different geographical regions. 
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All Infected 21 3 0.4 2 0.0009 0.0003 
All Uninfected 71 18 0.8 22 0.00324 0.00031 
Malaysia - 16 3 &508 2 0.0015 0.00032 
Infected 
Malaysia 12 7 &864 9 0.00317 0.00071 
Uninfected 
Kenya Infected 5 2 0.6 1 0.00093 0.00028 
Kenya 8 6 &893 6 0.00237 0.00059 
Uninfected 
Table 2.4. Comparison of PlutWBl infected and uninfected haplotype and 
nucleotide diversity for mtDNA COl sequences in Plutella xylostella 
2.4.4. Phytogeny of nuclear gene (RpL27a): Wolbachia infections and 
phylogeography 
The nuclear DNA data set consisted of 198bp sequenced from the ribosomal protein 27a 
gene of 92 individuals. Overall, there was little sequence divergence in the section of 
the L27a gene examined. However, there were 74 different sequences; 65 of these were 
unique sequences, and the rest were found in more than one individual (Sequence 2: 
Malaysia, Hawaii; Sequence 3: Malaysia, Germany; Sequence 12: Malaysia; Sequence 
13: Malaysia; Sequence 20: Australia, Malaysia, S Africa; Sequence 29: New Zealand; 
UK, Malaysia; Sequence 40: Hawaii, Australia; Sequence 42: Sweden and Sequence 45: 
Germany). 
There are two main clades (clade 1 and 2) on NJ tree that represent the 
presence/absence of 9bp gap in the DBM nuclear DNA sequence alignment (Figure 
2.4). Wolbachia infections are not correlated with the nuclear phylogeny. As moths 
infected withplutWBl are found in both clades. 
Moths from Australia and New Zealand were only found in clade 2 on the nuclear 
phylogeny. Nearly all other countries have representatives in both clades 1 and 2, 
indicating that Australian and New Zealand populations have a reduced nuclear DNA 
diversity compared to other countries. A demographic process, such as a bottle-neck in 
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Australia and New Zealand DBMs would cause a reduction in nuclear DNA diversity as 
seen here. 
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Figure 2.3. Neighbour-joining (NJ) tree for the 74 descrete nuclear DNA sequences of 
Plutella xylostella based on sequences from a portion of the ribosomal protein L27a 
gene. Bootstrap support greater than 65% are shown as percentages for each node. 
Numbers in brackets indicate how many moths possessed that particular nuclear DNA 




2.5.1. Wolbachia infections and host mtDNA 
In theory, maternally-inherited microbes, such as Wolbachia bacteria, may affect host 
mtDNA genome evolution (Hurst & McVean, 1996; Johnstone & Hurst, 1996; Prout, 
1994; Turelli, 1994) and most empirical studies directly examining the effects of 
Wolbachia on mtDNA variation support this prediction (Hurst & Jiggins, 2005). Most 
studies have demonstrated associations between particular Wolbachia infections and 
mtDNA haplotypes, and reduced mtDNA variation in infected individuals compared 
with uninfected individuals of the same or closely related species. In our study, we 
sequenced a portion of the mtDNA genome from 92 Plutella xylostella collected from 
across the world (10 countries), screened and identified Wolbachia infection/s in those 
individuals and also sequenced a portion of nuclear DNA. 
We found a clear association between Wolbachia infected (PlutWBl) individuals and 
mtDNA phylogeny, with all infected individuals forming a single clade, consisting of 
three very similar haplotypes. Individuals that are infected with PlutWBI were collected 
from Kenya and Malaysia. It is likely that the bacteria originally invaded DBM 
populations in either Malaysia or Kenya and was then transported via an infected female 
to the other location. The mechanism by which Wolbachia initially infects a new host 
species is still unclear; although it is thought that parasitoids or shared food 
source/parastoid with other infected host species may be important in this process. 
Alternatively, hybridisation with another infected host species would provide an initial 
vertical invasion route for the bacteria. It is likely that the presence of PlutWBI on two 
different continents in our study only represents one Wolbachia invasion event due to: 
1) infected moths shared similar if not the same mtDNA sequence 2) all moths were 
infected with the same Wolbachia infection with identical or very similar Wolbachia 
wsp DNA sequence. The variation in the mtDNA sequence of infected moths indicates 
that this infection may be relatively old and has had enough evolutionary time for at 
least mutational derivatives of the original mitotype to evolve within the infected 
population. 
We found no overall reduction in mtDNA diversity in infected countries, conversely 
both infected regions (Asia and Africa) showed two of the highest haplotype and 
nucleotide diversity estimates. However, on closer inspection these overall high 
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diversities were associated with high diversity in uninfected moths rather than just a 
mixture of infected and uninfected moths. 
2.5.2. Wolbachia infections and host nuclear DNA 
So far we have discussed the association ofplutWBl Wolbachia infection in DBM with 
mtDNA evolution. Wolbachia in general, should not affect nuclear DNA diversity. 
Nuclear DNA phylogenies should not distinguish clade/s on the presence/absence of 
Wolbachia, as the observation of this pattern on mtDNA phylogenies is directly due to 
the shared inheritance/transmission route of mitochondixidJWolbachia. However, if host 
resistance to Wolbachia infection/s were to evolve, we would expect Wolbachia to 
affect patterns of nuclear DNA diversity. On our nuclear DNA phylogeny two clades 
were revealed. Wolbachia infected individuals occur in both clades and possess many 
different nuclear sequences. In summary, the mtDNA phylogeny is largely shaped by 
Wolbachia infections but the nuclear phylogeny is not. These patterns illustrate the 
theory of invasion, transmission and persistence of Wolbachia infections in insect hosts. 
2.5.3. Geographic patterns of genetic diversity in DBM 
Most population genetic studies of DBM are limited in scope and inconclusive (Chang 
et al., 1997; Kim & Lee, 2003). However, a study using polymorphic micosatellite loci 
found no evidence for geographic population structure in Australia, with most 
populations having low inbreeding coefficients and in Hardy-Weinberg equilibrium. 
Additionally, they found that a sample from the North island of New Zealand was 
indistinguishable from the Australian samples. However, they found large genetic 
differences between Australia/New Zealand samples and samples from Kenya, 
Malaysia and Indonesia. Additionally, the study indicated that there was no relationship 
between genetic distance and geographic distance among Australia and New Zealand 
populations (Endersby et al., 2006). Endersby et al. (2006) argued that the lack of 
genetic structure within Australia/New Zealand populations may, in part, be due to the 
relatively recent introduction of DBM, approximately 120 years ago (Tyron, 1889) and 
high gene flow across this range due to high amounts of movement in DBM. Our data 
support a similar explanation of DBM invasion and occupancy of Australia/New 
Zealand, with a well-supported mtDNA clade associated with Australasian samples. 
Additionally, Australasian samples only occurred in clade 2 on the nuclear DNA 
phylogeny, whereas most countries had representatives in both clades. No DBM from 
the Australasian samples were infected with Wolbachia. Additionally, Australiasia was 
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the most sampled country in our data set, with 14 sites across the whole of Australia 
(except Northern Territory) and 2 sites within New Zealand sampled. There were no 
other clades on the mtDNA phylogeny associated with a single country or strong 
patterns of geography on the nuclear phylogeny. Both the mtDNA and nuclear DNA 
data sets indicate that Australian and New Zealand DBM populations are likely to be 
recent founder populations from the same cohort and were most likely transported into 
to these countries via man-made introduction/s. 
It is interesting to note that Africa had one of the highest nucleotide and haplotype 
diversities. This supports the idea that Africa is the region of origin for Diamondback 
moth (Kfir, 1998). 
2.5.4. Conclusions 
We have shown that the mtDNA phylogeny is shaped strongly by Wolbachia infections, 
but that host geography has little consequence. The association between Wolbachia 
infection and mtDNA variation is as we would predict using current Wolbachia 
evolution theory. These microbes can have dramatic effects on their host mtDNA 
variation and evolution. Given these dramatic potential effects, when examining 
mtDNA variation to study the evolutionary past of an organism consideration must be 
given possible Wolbachia infections. Our study supports theory that a Wolbachia 
infection can sweep through populations carrying associated haplotype and its 
derivatives. Additionally, as expected these effects are not observed on the nuclear 
DNA phylogeny. It is likely that the PlutWBl infection detected in moths from 
Malaysia and Kenya is an old infection. There was one geographical signal in the data 
set, with moths from Australia and New Zealand forming a monophyletic clade on the 
mtDNA phylogeny and also occurring clade 2 only on the nuclear phylogeny. These 
data suggest that current Australia and New Zealand DBM populations are probably 
founder populations. Further studies should focus on the phenotypic effect of the 
PlutWBl infection in DBM populations and its dynamic to give a clearer understanding 
of this long evolutionary interaction. 
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Chapter 3 
Sex-ratio distorting Wolbachia infects 
Plutella xylostella 
Delgado AM & Cook JM 
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3.1 Abstract 
The Wolbachia infection called PlutWBl infects Diamondback moth (DBM), Plutella 
xylostella and is associated with a particular host mitochondrial sequence (and its 
derivatives) and a deep split in the host mtDNA phylogeny. We estimated frequencies 
for this infection in DBMs globally (in 10 countries) and locally in Malaysia. We found 
that the infection was limited in its geographical distribution to Malaysia and Kenya. 
The infection had a global frequency of 5%, but can be as high as 12% in some 
countries (Kenya). The sex ratio at locally infected sites in Malaysia was significantly 
female biased (proportion female = 0.62 ) suggesting that Wolbachia may be a sex ratio 
distorter. We kept infected and uninfected DBM lines for nine generations in the 
laboratory and examined; 1. sex ratios and 2. infection frequencies, at each generation. 
Again, we found that infected lines had significantly female biased sex ratios, whereas 
uninfected lines did not differ significantly from a 1:1 sex ratio. The sex ratio for both 
infected and uninfected lines did not change significantly across the nine generations. 
Infections were found in equal proportions in males and females, indicating that the 
bacteria was either not killing all males, or not feminising all males. We hypothesise 
that this may be due to the evolution of host resistance, if the phenotype of a female 
biased sex ratio is produced via male-killing. Finally, we found that infection frequency 
of infected lines decreased significantly across the nine generations, suggesting that 
vertical transmission of the bacteria is imperfect. 
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3.2. Introduction 
Wolbachia are rickettsial intracellular symbionts of many arthropods. They are 
primarily transmitted maternally, and enhance their own transmission by a variety of 
host modifications, termed phenotypic effects. These phenotypic effects have evolved 
over time as a result of interactions between host and bacterium (reviewed by (Charlat 
et al, 2003) and fall into two categories; 1. those that distort the host sex ratio in favour 
of females (parthenogenesis, feminization of males, male-killing) (Hurst et al, 1999; 
Rousset et al., 1992; Stouthamer et al, 1993) and 2. those that decrease the reproductive 
success of uninfected female hosts (cytoplasmic incompatibility) (O'Neill et al, 1992). 
These effects can impact on host population biology (Jiggins, 2003), mating systems 
(Jiggins et al., 2000b) and even speciation (Bordenstein et al, 2001; Teleschow et al., 
2005). 
Several systematic surveys estimating the incidence of Wolbachia infections across host 
taxa have all yielded estimates of between 16-23% species infected ((Panama, (Werren 
et al., 1995a)); (Berkshire, UK, (West et al, 1998)); (Indiana, USA, (Werren & 
Windsor, 2000)); (Thailand (Kittayapong et al, 2003)). These studies suggest that there 
maybe a global equilibrium of approximately 20% of insect taxa infected with 
Wolbachia (Werren & Windsor, 2000). However, the proportion of infected species 
may be increasing or even decreasing (Haine & Cook, 2004). New infections arise by 
horizontal transmission from already-infected species (Heath et al., 1999; Huigens et 
al., 2003; Huigens et al., 2000), and are therefore expected to involve ecological 
interaction between the two hosts involved. Additionally, horizontal transmission is 
more likely between closely related species due to shared vectors (e.g. predators), 
through which Wolbachia are transferred, in addition to similar host physiology, to 
which the specific Wolbachia infections are more likely to be adapted (Jiggins et al, 
2001; Rigaud et al, 2001). Infections may be lost for various reasons, including 
turnover in infection phenotypes and reversible evolution (Hurst et al, 2002; Jiggins et 
al., 2002a), whereby infections are replaced sequentially by others, inducing different 
phenotypes, and are then eventually lost. Horizontal transmission of Wolbachia is 
therefore thought to allow the long-term evolutionary persistence of Wolbachia since 
given infections eventually go extinct (Hurst & McVean, 1996). 
Due to horizontal transfer of Wolbachia infections, host and symbiont phylogenies are 
incongruent (O'Neill et al, 1992; Schilthuizen & Stouthamer, 1997; Shoemaker et al., 
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2002; Stouthamer et al., 1993; Werren et al, 1995b). Different Wolbachia infections 
can sometimes be found in different parts of a host range; for example, this is observed 
in Drosophila simulans (Hoffmann et al., 1986). Conversely, distantly related species 
occupying different geographical locations and with different life histories sometimes 
harbour similar Wolbachia infections. For example, the Mediterranean Flour moth 
Ephestia kuehniella and Trichogamma kaykai, a butterfly egg parastoid from the 
Mojave Desert in California, harbour the same Wolbachia strain (at least defined by wsp 
sequence) (Meer et al, 1999). Finally, distantly related species, found in the same 
location, but wath no ecological interaction, can harbour very similar Wolbachia 
infections. For example, the oak-feeding drepanid moth Drepana binaria, has a very 
similar Wolbachia sequence to an elm-feeding gracillarid leaf-mining moth, 
Phyllonorycter schrebiella (West et al., 1998), to which it is only distantly related. 
Broad surveys suggest some consistency in the incidence of Wolbachia infection, but 
there is also increasing evidence that certain taxonomic groups may be more prone to 
infection (Werren & Windsor, 2000). For example, infection levels are significantly 
higher than 20% for Hymenoptera in the broad surveys. They are also generally high in 
studies focused on particular hymenopteran groups, with estimates of 50% (25/50) of 
indo-Australian ant species (Wenseleers et al., 1998), 59% (26/44) of Panamanian fig 
wasp species (Shoemaker et al., 2002), and with the highest known incidence being 
67% of fig wasps infected in Australia (Haine & Cook, 2004). However, the prevalence 
of Wolbachia and therefore the likelihood of detection depend in part on the 
reproductive phenotype induced. Strains that cause cytoplasmic incompatibility 
typically occur at a high prevalence, often near fixation. Parthenogenesis inducers and 
feminizers both range from fairly low prevalence to fixation in females (Bouchon et al., 
1998; Rigaud, 1997), but, male-killers typically occur in only 1-30% of females (Hurst 
& Jiggins, 2000b) although much higher prevalence can occur (Jiggins et al., 2000b). 
Populations where host resistance to male-killers has evolved are more likely to possess 
male-killing infected males, otherwise, the phenotype male-killing phenotype rules out 
this possibility. Another interesting pattern is that Lepidoptera harbour more B clade 
than A clade Wolbachia, while the reverse is true for Hymenoptera. This may indicate 
differences in the ability of A and B clade Wolbachia to infect different taxa, 
differences in the retention of such infections, or historical differences in the emergence 
and spread of Wolbachia in these taxa (Werren & Windsor, 2000). In addition to 
differences between host taxa, there may be systematic differences in the incidence of 
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infection according to geographical region, habitat or host life histoiy. For example, it 
has been suggested that the typically small effective population size of social insects 
may facilitate the invasion of new Wolbachia strains, because infection frequency must 
exceed a critical level to result in deterministic spread in a host population (Reuter & 
Keller, 2003; Wenseleers et al, 1998). 
Maternal transmission of Wolbachia infections by hosts, can range from very low to 
100% and depends partly on the phenotypic effect of the infection. Male-killing and 
feminising Wolbachia infections must have incomplete transmission, otherwise host and 
bacteria would both eventually become extinct due to the lack of host males in the 
population (Hamilton, 1967). Vertical transmission of cytoplasmic incompatibility 
Wolbachia can also be imperfect, for example 3-5% of progeny from infected female D. 
simulans collected from the field are uninfected (Turelli & Hoffmann, 1995). Other 
environmental factors affecting the efficiency of vertical transmission are temperature 
(Hurst et al., 2001) and naturally occurring antibiotics (Stevens et al., 2001). 
Diamondback moth {Plutella xylostella, DBM) is a major pest of Brassica plants and is 
found world-wide, making it one of the most damaging species of Lepidoptera 
(reviewed by (Talekar & Shelton, 1993). It is known to be infected with at least 4 
different Wolbachia infections (2 A clade and 2 B clade infections (see Chapter 2)) with 
some individuals possessing double infections (Jeyaprakash & Hoy, 2000). One of the 
B clade infections (PlutWBl) is found in Kenya and Malaysia and is associated with a 
host mitochondrial haplotype group (see chapter 2), as would be expected due to the 
shared route of Wolbachia transmission and mitochondrial inheritance (Hurst & Jiggins, 
2005). 
In this paper we examine the prevalence of the plutWBl Wolbachia infection in DBM 
populations in 11 countries and compare this to prevalence found at a smaller scale, 
across populations in the Cameron Highlands, Malaysia. We then examine the 
phenotypic effects and transmission of this Wolbachia infection in DBM populations 
using both field samples from the Cameron Highlands and laboratory data. 
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3.3. Materials and Methods 
3.3.1. Field Collection 
We screened 306 DBM from 11 countries to assay global prevalence of the plutWBl 
isolate. These were all field caught moths or FT progeny of field caught individuals 
(except those from Sweden and South Africa) and were collected between 2001 and 
2005. 
We also collected last instar larvae and pupae from four different valleys (Bertum, 
Simgai, Tringkapp and Blue) in the Cameron Highlands, Malaysia in May 2004 and 
reared them to adulthood. We then screened a total of 293 moths. The valleys are 
separated by forest and consist of farms that grow commercial Brassica plants. It is 
likely that gene flow between valleys is resfricted to some degree. Moth sex was 
determined before Wolbachia screening. This yielded data on the prevalence of 
plutWBl and the host sex ratio in these four valleys. 
3.3.2 Molecular Methods 
All insects (adults and larvae) were stored in 70-100% ethanol for preservation of DNA. 
Each insect was rinsed with double-distilled water and left to dry for 5min prior to DNA 
extraction. Larvae were then dissected and checked for endoparasites and DNA was 
then extracted by grinding the abdomen of adults, or the entire larva, in 200ul of 5 % 
Biorad Chelex 100 resin solution in the presence of proteinease K, followed by 3h 
incubation at 55°C and 15min boiling. The samples were then centrifiiged and stored at 
-20°C until use. For all sets of extractions, a blank extraction was performed using all 
the reagents minus the DNA extract (this was performed at least once for every 10 
insects). 
To test for the presence of Wolbachia, PGR was performed using extended versions of 
the Wolbachia specific primers > Z / ; 5' GTT GTG GGA WTA GYG ATG GTG A 3' 
and/r^Zri 5' GTT AAG TAA GGT GGT ATA TGA ATA 3' (Werren et al, 1995b) to 
amplify an approximately lOOObp stretch of this bacterial cell cycling gene. We scored 
individuals yielding a product of the expected size as provisionally infected, and 
samples that did not amplify as provisionally uninfected. 
Provisionally infected samples were then double-checked by performing a PGR using a 
different set of Wolbachia specific primers wspSlF and wsp691R (Zhou et al., 1998) 
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which ampHfy the wsp (Wolbachia Surface Protein) gene and yield an approximately 
550bp product. We amplified wsp successfully from all provisionally infected samples 
and later sequenced them. 
We tested provisionally uninfected samples for the quality of DNA extract by 
performing PGR for part of the insect mitochondrial cytochrome oxidase I gene (COl). 
We used Cl-J-2183 (alias Jerry) and L2-N-3014 (alias Pat) which yield an 
approximately lOOObp product (Simon et al, 1994). If PGR was successful, we 
regarded the sample as uninfected. If it failed, we excluded the sample from our data. 
We electrophoresed 25ul of each PGR product on a 1% agarose gel to determine 
amplicon presence and size. We excised gel bands and purified them using a GFX DNA 
Purification Kit (Amersham Pharmacia Biotech Inc.), before sequencing directly in both 
directions using the PGR primers. We obtained sequences using the ABI PRISM Big 
Dye Terminator Gycle Sequencing Kit (Perkin Elmer Inc.) and the ABI Prism 3700 
DNA Analyser (Perkin Elmer Inc.) and assembled them using Sequencher^'^ (Gene 
Godes Gooperation). We aligned sequences manually using SE-AL v2.0all Garbon 
[following previous aligrmients and excluding the third hypervariable region in the case 
of wsp (Jeyaprakash & Hoy, 2000; Shoemaker et al, 2002; Zhou et al, 1998)]. To 
determine how many different Wolbachia isolates were present in our samples we 
compared wsp sequences to previous ones found in DBM (Ghapter 1). If there was less 
than 2.5% sequence divergence between two samples then they were considered to be 
the same Wolbachia isolate (Zhou et al, 1998). 
3.3.3. Laboratory Experiments 
We established two plutWBl infected (LINES 17 and 95) and three uninfected lines 
(LINES 26, 61 and 86) by mating a virgin male with a virgin female moth. Each line 
was kept in a rectangular, transparent container (116x8x7cm LxWxD) and containing a 
cotton-wool ball soaked in honey solution (10% honey) and an egg-laying sheet (tin foil 
(13x5cm) dipped in cabbage solution (65g cabbage per 500ml ddH20) for 3 days. All 
the DBMs were collected as last instar larvae/pupae in the Gameron Highlands, 
Malaysia in 2004 and reared to adult stage before creating the isofemale lines. We then 
reared the eggs produced by each pair to the pupal stage on Brassica napus seedling 
frays (50x25x6cm LxWxD) in cages (metal cube frame, covered in fine netting). To 
avoid overcrowding of larvae no more than 100 larvae were reared per seedling tray. 
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To continue each isofemale hne, pupae were collected and placed in individual tubes 
and checked daily for emergence of adults. At least 100 individuals (50 males and 50 
females) from each isofemale line were then placed in containers (with an egg laying 
sheet and honey solution) for 3 days. Subsequently, the eggs were reared and the 
isofemale line continued as above. 
In each generation the sex ratio of each line was recorded by counting the total number 
of male and female progeny. The prevalence of the plutWBl was also estimated for each 
infected line, by sampling at least 10 male and 10 female progeny. However, this was 
not always possible; for example in Line 17 there were <10 males and <10 females in 
generation 1 and with Line 95 there were <10 males in generation 1 and 2 and less than 
<10 females in generation 1. By measuring the prevalence of Wolbachia at each 
generation in the infected isofemale lines for both males and females we generated data 
on Wolbachia vertical transmission. The lines kept in a controlled temperature, light and 
humidity room on a 16:8 light: dark cycle, at 23 C and 50-75% humidity. 
3.4. Statistical Analysis 
All proportion data were arcsin transformed {axcsm.(^proportion (p)] prior to statistical 
analysis. Data analysis was performed in Excel with the Analysis-It software and 
SPSSvH.. 
3.3.4.1. Field Host Sex Ratio 
We tested for departures from a 1:1 DBM sex ratio using the Chi-squared test on data 
from four valleys in the Cameron Highlands, Malaysia. 
3.3.4.2. Host isofemale line Sex Ratio 
We first used an unpaired t-test to examine if there was any significant difference in the 
sex ratio between infected and uninfected lines. We summed the total number of males 
and females produced over the nine generations for each line. 
We then examined whether the mean sex ratio of infected lines varied across the nine 
generations in more detail. We grouped the count data of males/females for both 
infected lines into three categories, according to generation: early (generations 1 to 3), 
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mid (generations 4-6) and late (generations 7 to 9) and applied a repeated measures 
ANOVA (analysis of variance). 
3.3.4.3 Transmission of Wolbachia 
We tested for a difference in the mean infection frequency between the infected lines 
across all nine generations using a paired t-test. No significant difference in the 
infection frequency was found {t = 1.51, d.f = 8, P >0.05). The same test was also 
applied to the sex ratios of the infected lines and again no significant difference was 
found {t = 0.46, d.f = 8, P >0.05). 
We were then able to use the data from each infected line independently, as two 
independent repeats of the infected group. Using an repeated measures ANOVA we 
tested if the infection frequency varied across generations using the early, mid and late 
categories (see above). We repeated this analysis for each sex separately. Finally, we 
summed the number infected/uninfected from all 9 generations for each infected line 
and applied a t-test to compare if there was any overall difference between the two 
sexes in the mean infection frequency. 
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3.5. Results 
3.5.1. Global prevalence ofplutWBl Wolbachia in Diamondback moth populations 
The global prevalence of PlutWBl in DBM populations was 4.9% (15/306) with a 95% 
confidence interval of ± 5. PlutWBl infections were only found in two countries 
Malaysia (Peninsular and Sabah) and Kenya and no new infections were found (Figure 
3.1). Infections were detected in both males and females in both adults and larvae. 
Country N % Infected 
9 5 % CI 
Highest % Lowest % 
Malaysia 122 8.20 15.9 0.15 
Australia 73 0 7.8 0 
Kenya 41 12.20 24 0.35 
UK 24 0 12.6 0 
S Africa 6 0 19.6 0 
Taiwan 10 0 17.1 0 
Hawaii 10 0 17.1 0 
Sweden 5 0 20.4 0 
Germany 5 0 20.4 0 
New 
Zealand 10 0 17.1 0 
Figure 3.1. Prevalence of the plutWBl infection in diamondback moth 
We found no infected moths in some countries. However, infections could still be 
present in these places. For example, we screened 24 individuals from the UK and 
found no infections, however, within 95% confidence intervals the infection frequency 
could be as high as 12.6%. The probability of detection of Wolbachia clearly depends 
on the number of screened individuals. The number of samples needed to determine the 
presence of Wolbachia in a population is given hy N = (Southwood, 1996), 
where p is the probability of Wolbachia being present, q = \ - p, t = 'Student's f of 
standard tables (this depends on the number of samples and approximates to 2 for more 
than ten samples at the 5% level) and D is the predetermined half-width of the 
confidence limits given as a decimal. For example, using the measured values for the 
global prevalence of Wolbachia in diamondback moth where p, t and D are 4.9, 1.962 
and 0.05, respectively, gives N = 72, which is the total number of individuals that need 
to be sampled to ensure 95% confidence the frequency is as high as 5.23%. Obtaining 
such high sample sizes is difficult and some countries where no infections have been 
found may contain a low fi-equency of infected individuals. 
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3.5.2. Sex Ratio and Wolbachia prevalence in field DBM populations 
A female biased sex ratio of 0.62-0.63 (proportion females) was found in field DBM 
populations for each of the four valleys examined in the Cameron Highlands, Malaysia. 
However, the sex ratio was only significantly different from 1:1 in the Bertum Valley 
(%^= 4.79, d.f=l, P<0.05), where the sample size was largest. Interestingly, this valley 
also showed the highest Wolbachia infection prevalence. Few infected insects were 
recorded, a single infected individual was found from Blue Valley and none in either 
Sungai Palas or the Tringkapp. Combining the data from the four valleys gave an 
overall sex ratio of 0.62 females (95% CI ±0.34%) and overall infection frequency of 
0.03 (95% CI ±0.51). Estimates of infection frequency vary between valleys but the 
associated female biased sex ratio is consistent between valleys. 
Valley N 
Proportion 
Female % P 
± 9 5 % 
Proportion Confidence 
Infected Interval 
Bertum 145 0.63 4.79 <0 .05 0.05 0.07 
Blue 60 0.62 1.22 NS 0.02 0.1 
Sungai 
Palas 40 0.63 0.81 NS 0 0.01 
Tringkapp 48 0.60 0.67 NS 0 0.1 
Table 3.2. Local prevalence of the plutWBl infection and sex ratio of diamondback 
moth. 
N= number screened for Wolbcahia and total number sexed. 
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3.5.3. Sex Ratios of infected and uninfected isofemale lines 
The two infected hnes (17 & 95) had female biased sex ratios in all nine generations 
(Table 3.4) and these did not show any significant increase or decrease across the 
generations examined (F = 3.634, d.f = 2 P > 0.05) (Table 3). In contrast, all three 
uninfected DBM lines (Lines 26, 61 & 86) had unbiased (approximately 1:1) sex ratios 
in all 9 generations (0.5, 0.54, 0.52, respectively) examined (Table 3.4). The overall sex 
ratio over 9 generations for each isofemale line was obtained by summing the number 
of females and males across the 9 generations. The plutWBl infection appears to 
increase the proportion of female hosts, as infected lines have significantly higher 
proportion of females than uninfected lines (using the overall sex ratio data for each 
isofemale line) {t = 8.82, d.f = 3,P< 0.01). 
(/) Line 17 Line 95 
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Table 3.3. Sex ratio over generations of infected DBM lines. 
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3.5.4. Transmission of plutWBl Wolbachia infections in DBM isofemale lines 
The proportion of infected individuals in infected lines decreased over the nine 
generations {F = 63.66, d.f = 2, P < 0.05) (Figure 3.1), suggesting that vertical 
transmission of the Wolbachia infection is not perfect. This was also found when both 
sexes were tested separately (Males: F = 26.15, d.f. = 2, P < 0.05 and Females: F = 
496.19, d.f = 2, P < 0.05). There was no significant difference in the proportion of 
infected individuals between the two sexes, with a mean of 68% of males and 74% of 
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Generation 1 to 3 Generation 4 to 6 Generation 7 to 9 
Figure 3.1. Mean (±SE) proportion of infected individuals across the generations 
(early, mid and late) 
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3.6. Discussion 
3.6.1. Sex Ratio Distorting Wolbachia 
We describe here a novel Wolbachia infection in the DBM that distorts the host sex 
ratio. We observed a female biased sex ratio (0.62 females) in a field population 
infected with the bacterium. Additionally, breeding DBM isofemale lines that were 
uninfected and infected for nine generations showed that the infected lines contained a 
significantly higher proportion of females than uninfected lines. Furthermore, both 
sexes were infected with the Wolbachia and there was no difference in the proportion of 
infected individuals between the two sexes. 
The presence of PlutWBl at similar levels in males and females suggests that the 
bacteria are not killing males. We do not know how the bacteria distort the sex ratio, but 
the presence of infected males shows incomplete action of the phenotype. The bacteria 
either does not change infected males into phenotypic females (if feminizing) or does 
not always kill males (if male killing). 
A study on a male killing Wolbachia in the butterfly Hypolimnas bolina found that one 
infected population, with many infected males, showed nearly 100% egg hatch rates, 
compared to other infected populations where the infection rarely occurs in males and 
the egg hatch rate was only 50% (Charlat et al, 2005). This was attributed to host 
resistance or variation in male killing ability on the part of the bacterium. It is possible 
that the presence of infected males at such high levels in DBM is also due to host 
resistance. This results in the proportion of females in a population remaining at a 
controlled level, where host fitness (the number offspring per host individual) is not 
compromised by the lack of males. We found no significant change in the proportion of 
females in the population across the nine generations. 
Selection acts on the individual bacterium to increase the proportion of females in the 
population to increase its transmission, but only to that of the 'critical sex ratio'. The 
critical sex ratio in this case would be one that was female skewed to a maximal level, 
before fitness of an individual host (measured as the total number of offspring) is less 
than that of an individual not infected with the bacterium. Interestingly, a third infected 
isofemale line that we initiated became extinct after 3 generations, because no males 
were produced. If this frequency is representative of the natural variation of bacterial 
virulence in the field, then there would be 1/3 probability of extinction once a closed 
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DBM population becomes infected withplutWBl. This may be why we observed such a 
consistent sex ratio bias in successful infected lines and in field populations, of 
approximately 62% females. Further to this DNA sequence evidence suggests that 
PlutWBl is a relatively old infection (Chapter 1), because infected moths show some 
variation in mitochondrial sequence, but form one deep-rooted mitogroup on the 
mtDNA phylogeny (Chapter 2). It is likely that the current stable presence of the 
infection in the field and consistent effect on host sex ratio is a result of a long 
coevolutionary relationship between bacteria and host. 
The plutWBl infection was found in Malaysia and Kenya and had a global prevalence 
of 5%; however, local prevalence was as high as 12%. Some of the 11 countries 
examined may also harbour Wolbachia infections that would be revealed by further 
sampling of larger numbers of individuals. A simple strategy for detecting new 
Wolbachia infections in field surveys, would be to start the screening process by using 
multiple individuals in one DNA extract and consequently one PCR. This would allow a 
larger initial screening turnover for the same manual labour and therefore, yield a higher 
probability of detection. 
3.6.2. What type of Sex-ratio distorter is PlutWBl? 
Wolbachia infections have been reported in many species, but often the phenotypic 
effects remain unknown. It is thought the phenotypic effect is an interaction between 
bacteria and host genomes. Additionally, bacterial sequence divergence is thought to 
cause phenotypic differences in the Acraea group (Jiggins et al, 2002a). The plutWBl 
isolate examined in this study has the same wsp sequence (Chapter 2) as one found in 
Acraea pentapolis (Jiggins et al., 2002a). Jiggins et al., (2002) considered that the 
Wolbachia infection found in A. pentapolis caused cytoplasmic incompatibility. 
However, this was only inferred from infection differences between the sexes. Low 
prevalence infections present in females, but not in males, are assumed to be sex ratio 
distorters, whilst infections with high prevalence in both sexes are thought to induce 
cytoplasmic incompatibility (Jiggins et al., 2002a). Our study suggests that this 
prediction may be sometimes wrong, as the Wolbachia isolate found in DBM has the 
same wsp sequences and is a sex ratio distorter yet occurs in equal proportions in males 
and females. Alternatively, the prediction of a cytoplasmic incompatibility effect of the 
bacterium in A. pentapolis may be correct, as the bacteria may have different 
phenotypes in these two hosts. For example, transfection of the feminizer Wolbachia of 
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the adzuki bean borer {Ostrinia scapulalis) caused male-killing in the flour moth 
(Ephestia kuehniella) (Fujii et al, 2001). 
Diamondback moths lay their eggs in clutches on the larval food plant and competition 
between siblings for food is often intense, as a female can lay up to 188 eggs in a 
lifetime (Talekar & Shelton, 1993). Larvae are often seen hanging from silky spindles 
and try to move to new plants when overcrowded (personal observations). This 
suggests the presence of antagonistic sibling interactions, which select for the evolution 
of a male-killing Wolbachia bacterium. The evolution of male-killing requires 
antagonistic sibling interactions involving cannibalism of dead males a decreased rate of 
inbreeding by female host, or a direct physiological benefit of infection (Hurst & 
Jiggins, 2000a; Hurst & Majerus, 1993). Male-killing bacteria are clearly parasitic, as 
infected females only produce a fraction of the total progeny produced by uninfected 
females and males are killed, hence resistance genes are predicted in these systems. 
Finally, male-killers often occur at 1-30% frequency in females (Jiggins et al, 2001) 
and we estimated infection frequency ofplutWBl in our study to be between 0-15%. 
3,6.3. Conclusions 
In conclusion, PlutWBl cause sex-ratio distortion and has imperfect vertical 
transmission. The infection was found in Malaysia and Kenya, and had an estimated 
global prevalence of between 1-15%. It is likely that the sex-ratio distorting capabilities 
of the bacterium reach an equilibrium that ensures the fitness of females is not 
compromised by lack of males. We predict that the bacterium uses male-killing to 
distort the sex ratio and that there may be host resistance to this, due to similar infection 
rates in males and females. Further studies should explore the exact mechanism of sex 
ratio distortion. If it is male-killing, studies should then target experimental evidence for 
the evolution of host resistance. 
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Chapter 4 
Microsatellites isolated from the fig 
wasp, Pleistodontes imperialis, for studies 
of a cryptic species complex in 
Australian populations. 
Delgado AM, Wolff K & Cook JM 
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4.1 Abstract 
We developed 8 polymorphic microsatellite loci for Pleistodontes imperialis from CA 
and GA enriched genomic libraries. The variability of these 8 loci was investigated in 
45 female wasps from several sites along the East Coast of Australia. Previous work had 
revealed four deep mtDNA clades within this morphological species, suggesting 
possible cryptic species. All wasps investigated here belonged to one clade on the 
cytochrome-b mtDNA phylogeny. All loci were polymorphic and had between 5 and 14 
alleles. Observed heterozygozity of these loci across the 45 female wasps examined 
spans 0.31 to 0.42. We also applied these markers to genotype wasps from 3 otlaer 
congeneric Pleistodontes fig-pollinating species; P.frogatti {n = 3), P. greenwoodi {n = 
6) and P. xanthocephlus (n - 6). Cross-species amplification was successful at four loci 
and usually revealed polymorphism. Consequently, these loci have encouraging 
potential for use on other members of the same genus. 
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Fig-pollinating wasps (family Agaonidae) are key model organisms for the study of the 
evolution of mutualisms (Cook & Rasplus, 2003; Hale et al, 2002; Machado et al, 
2001) and 'sex ratio' theory (Frank, 1985; Hamilton, 1967; Herre, 1985; Molbo et al., 
2003). There are over 750 species of figs (Ficus spp.) worldwide (Berg, 1989) and most 
have one recorded pollinator species (Berg & Wiebes, 1992; Weibes, 1994; Wiebes, 
1994). However, recent studies on three continents have revealed many cases where a 
single fig species hosts two (or occasionally more) pollinator species (Lopez-Vaamonde 
et al, 2002; Machado et al., 2005; Michaloud et al., 1996; Molbo et al, 2003). It is now 
estimated that around 25% of fig species have two or more co-pollinators, which may 
be allopatric or sympatric (Cook & Rasplus, 2003; Machado et al., 2005). A recent 
study of Pleistodontes imperialis, the wasp species that pollinates Ficus rubinginosa 
along the Eastern Coast of Australia, showed that the currently recognised 
morphological species may comprise up to four cryptic species with 9-15% mtDNA 
nucleotide differences between species (Haine et al., 2006). Multilocus nuclear markers, 
such as microsatellites, would allow better genetic delimitation and assessments of gene 
flow between these putative species. Such markers would also facilitate studies on the 
fig wasp mating systems. 
Genomic DNA was extracted from one female P. imperialis, using the DNAeasy plant 
extraction kit (Qiagen) according to the manufacturer's protocol, except for an 
additional 5 minute proteinase K digestion (4 |il of a 20 mg/ml solution) after 15 
minutes of DNA extraction at 65°C. A partial genomic DNA library, doubly enriched 
for [CA]i5 and [GA]i5^ was created, following the membrane enrichment protocol of 
Hale et al., (2002). DNA fragments were ligated into pUC18 vector cut with BaniRl 
(Qiagen). Competent E.coli cells (QAComp-COl) were transformed with the vector and 
grown at 37°C for 16h. Plasmid DNA extractions from individual colonies, after 
overnight growth in LB broth, were prepared with Zippy columns (Genetix). Inserts 
were sequenced with the BigDye Terminator v3 Cycle Sequencing chemistry (Applied 
Biosystems), using standard Ml3 Forward and Reverse primers. Sequences were 
analysed On an ABB 100 Prism® automated sequencer. 50 clones were sequenced, of 
which 48 contained micosatellites with 7 or more repeats. Eleven loci were not usable 
as a nearly identical sequence was found in more than one clone, probably due to 
replication in the genome. A total of 8 loci were chosen for primer development with 
the Primer3 software (Rozen & Skaletsky, 2000). 
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In order to quantify variation at these eight loci, we genotyped 45 female wasps from 
several sites along the East Coast of Australia, (including Atherton Tablelands (n=3), 
Brisbane (n=7), Melbourne (n=21) and Sydney («=8). All of these wasps were 
genotyped into cyt-b clade 1 and could be considered as one of the four cryptic species 
within P. imperialis classification (Haine et al, 2006). To examine the possibility of 
cross-species amplification we also attempted to genotype wasps from 3 other 
congeneric Pleistodontes fig-pollinating species; P.frogatti {n = 3), P. greenwoodi {n = 
6) and P. xanthocephalus {n = 6). 
The head was removed from each insect and retained as a voucher specimen and DNA 
was then extracted from the body using a Chelex extraction protocol (West et al., 1998). 
PCRs were performed in IS^il reaction volumes containing 1 x PGR buffer with MgClz 
(Qiagen), 0.2fxM of each dNTP, 5ng of DNA template, 0.35fxM of primer (10|J,M 
concentration stock) and 0.6U Tag polymerase. The cycling program involved an initial 
denaturing at 95 °C for 12min. Amplification then consisted of 15 cycles of denaturing 
at 94°C for 15s, annealing for Imin at 52°C, extension for 15s at 72°C; followed by 15 
cycles of denaturing at 89°C for 15s, annealing for Imin at 48°C, extension for 15s at 
72°C, and with a final extension for lOmin at 72 °C. Samples were then electrophoresed 
















Ho He Fis 
Pl i2 ( A G ) I I F : A A C C A G C G C G T A T G T T T C T C 
R : T T G G A A C T T C G T C G T C T C G 
5 2 13 260-272 0 .2 0 .33 0.42 
Pl i3 ( C D I S F : C G C A T C A A G C T G C A G A A A A G 
R ; T A T A G T G C G C T G C C A A A C T G 
5 2 9 98-124 0.28 0 . 3 7 0.26 
Pli4 (AG)I3 F ; T T C T C C C T T G C A A A C G A T T C 
R : C C G A A T T C A C C A G T T T T T G G 
5 2 12 261-273 0.09 0 .31 0 .71 
PliS (CT)w F : A G C G C A T T T T C C T C T C A C T C 
R; G C T C G C T A A T C C A G T T C A C C 
5 2 7 1 2 0 - 1 4 6 0.22 0.42 0 . 4 9 
Pli6 (CT)n F - . C G T T A A T T A G C A G G C G A T T C C 
R : A T A A A C G C A A A C G A C G T T C C 
52 14 192-256 0 . 1 4 0 . 4 2 0 . 6 6 
PliS (CT)u F : G C G C A A C G C A A A A G T A A G T C 
R : G T G C A G C T G T T A A G C T T T C G 
5 2 14 170-206 0 . 2 4 0 . 4 4 0.46 
PlilO (CT)M F: C A A C A C A A A C G A T G A T G A C G 
R : G C C G C G A A G A T A A A G A T G G 
5 2 7 1 1 9 - 1 4 9 0 .3 0.42 0 .31 
Pli l l (CT)m F : C G A T A C T A C C T C G T G A A G C T G 
R : C G T T T T A A T C T C G T A G G C G T A T C 
5 2 5 2 1 4 - 2 1 8 0 .21 0.38 0 . 4 4 
Table 4.1. Microsatellite loci for 45 fig-pollinating wasp, P. imperialis from several sites along the east coast of Australia, (including Atherton 
Tablelands («=3), Brisbane (n=7), Melbourne («=27) and Sydney (m=8). All wasp formed cyt-b clade 1 (Haine et aL, 2006). 
Ta = primer annealing temperature 
Fis = inbreeding coefficient 
Ho = Observed heterozygozity He = expected heterozygozity 
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All eight microsatellite loci are polymorphic in P. imperialis (Table 4.1) and significant 
linkage disequilibrium was detected between 5/28 possible locus pairs (using 
POPGENE vl.3.2 available at http://v>^w.ualberta.ca/~f\^eh/on-dex.htmn. Observed 
heterozygotes were lower than expected (Table 4.1); however, the proportional 
difference between the observed and expected heterozygotes is no more tlian that found 
in similar studies on other pollinating fig wasps (Molbo et al., 2004; Molbo et al, 
2003). This is expected due to the routine inbreeding habit of pollinating fig wasps and 
is reflected in the measure of inbreeding (Fis), which averaged 0.464 across all loci 
(calculated using FSTAT v2.9.3.2 available at http://www.umLch/izea/software/fstat) 
(Goudet, 1995). 
Samples deviated significantly from Hardy-Weinberg proportions for all loci 
(POPGENE vl.3.2). This deviation is not surprising considering the following factors. 
First, a large geographic distance was covered in our survey and therefore random 
mating was unlikely. Second, all pollinating fig wasps species show routine inbreeding. 
Both suggest that there may be high genetic structure within P. imperialis, which would 
confound estimates of linkeage disequilibrium and Hardy-Weinberg equilibrium. 
Cross-species amplification was successful at four loci, for one or more of the test 
species, and generally revealed some polymorphism (see Table 4.2). Additionally, one 
locus (Pli 3) only amplified P. xanthocephalus. Consequently, these loci have 
encouraging potential for use on other members of the same genus. 
We will use these microsatellite loci to examine the gene flow between the four mtDNA 
clades discovered (Haine et al., 2006) within a large sample of female wasps that all 
came from one host plant species and were all identified morphologically as P. 
imperialis. This should provide a clearer picture of the extent and symmetry of gene 
flow between the putative cryptic species. 
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Table 4.2. Summary table of the application of 8 microsatellite loci developed for P. imperialis on other fig-pollinating species. 
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Chapter 5 
Cryptic species complex in the 
pollinating fig wasp, Pleistodontes 
imperialis 
Delgado AM & Cook JM 
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5.1. Abstract 
Figs and fig-pollinating wasps are obligate mutualists that have coevolved for ca 90 
million years. Recent studies show that many fig species host two wasp species, 
implying that the wasps speciate more often than their host figs; however, little is 
known about modes of fig wasp speciation. A recent study (Haine et al., 2006) of 
Pleistodontes imperialis, the pollinator of Ficus rubiginosa, suggested that this wasp 
species may actually represent a complex of up to four species, based on deep mtDNA 
divergences. Here, we investigate this case further by expanding the sampling from 70 
to 243 wasps and by focussing on 8 new microsatellite loci, as well as mtDNA. We 
found a North-South decline (from 4 to 2) in the number of mtDNA clades present in 
the five geographic regions studied. We then used the microsatellite data to show that 
gene flow between all pairs of clades was restricted (Fst>0.05) and in 4/6 comparisons 
highly (0.5>Fst>0.25) or extremely (Fst>0.25) restricted. In addition, Fis (inbreeding) 
values within each clade were high and the highest value (0.6) was found in the most 
widespread clade (clade 3). Since clade 3 wasps often occur in the same fig as wasps 
from other clades, this suggests they mate with each other rather than members of 
clades 1, 2 and 4. We investigated geographic patterns in the microsatellite data and 
found a strong positive correlation between pairwise Fst values (range 0.05 - 0.28) and 
the geographic distance between pairs of regions. The highest regional Fis value (0.68) 
was found in the northernmost region, which was the only one with all four mtDNA 
clades present. This further supports reproductive isolation between the four mtDNA 
clades. In conclusion, P. imperialis is probably a complex of four cryptic species that 
have evolved via independent wasp speciation, vwthout host-svwtching or fig speciation. 
In addition, Wolbachia infections may play an important role in fig-pollinating wasp 
speciation, but require further study. We suggest that coexistence of pollinators on a 
single fig species may actually be a temporary situation with long transient dynamics. 
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5.2. Introduction 
The obHgate mutualistic interaction between fig plants (Ficus spp.) and their pollinating 
wasps (Agaonidae) is often used as the classic example of a coevolved mutualism and is 
one of the most extraordinary plant-insect interactions (Cook & Rasplus, 2003). The 
production of seeds in Ficus species is completely dependent on pollination by tiny 
wasps (females are generally 1-10mm long depending on species). The fig wasps are 
reciprocally dependent on the fig trees for their own reproduction. Female wasps enter a 
receptive fig syconium (inflorescence) via a narrow opening called the ostiole to lay 
their eggs inside the developing fig ovules and, in turn, pollinate the flowers. The life 
cycle is completed by the wasp offspring developing and then mating inside the 
syconium, and then the next generation of females dispersing carrying pollen to other 
receptive syconia. The only vectors for fig pollen are the agaonid wasps and, likewise, 
the only site for wasp larvae development is the fig syconium, making the association 
obligate for both partners. Within this obligate interaction there are many examples of 
coadaptation between corresponding fig and wasp pollinator traits (Cook et al, 2004; 
Jousselin et al, 2003; Kjellberg et al, 2001; van Noort & Compton, 1996; Weiblen, 
2004). 
There are over 750 species of figs worldwide (Berg & Wiebes, 1992; Wiebes, 1994) 
and, in general a given wasp species pollinates one particular fig species (Berg, 1989). 
In turn, most fig species have only one recorded pollinator wasp species, creating the 
famous 1:1 rule of reciprocal partner specificity. Despite phylogenies of figs and fig 
wasps showing a long history of co-radiation (Machado et al., 2001; Ronsted et al., 
2005) and some evidence for cospeciation (Weiblen & Bush, 2002), they do not support 
strict cospeciation. In addition, recent studies on three continents have revealed many 
cases where a single fig species hosts two (or occasionally more) pollinator species 
(Maine et al, 2006; Lopez-Vaamonde et al., 2002; Machado et al, 2005; Michaloud et 
al, 1996; Molbo et al., 2003). Co-pollinators have been identified during recent 
taxonomic revisions (Lopez-Vaamonde et al, 2002) or by detailed genetic studies 
within what was thought to be a single species (Molbo et al, 2003). The studies indicate 
that many fig species (perhaps 25%) have two or more pollinators and, in some cases, 
the fig wasps coexist in sympatry (Cook & Rasplus, 2003; Machado et al., 2005; 
Michaloud e? a/., 1996). 
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The existence of co-pollinators raises new questions on host-specificity coevolutionary 
dynamics. Their sympatric existence in the same specialised niche also creates problems 
for ecological competition theory (Zhang et al, 2004). Finally, sex ratio models have 
often been tested in fig wasps and such work may accidentally pool members of two 
cryptic species (Molbo et al, 2004; Molbo et al, 2003). Most obviously, the existence 
of co-pollinators raises the question of how they evolved. Co-pollinators could be either 
i) sister species that speciated on the current host plant; or ii) less closely related 
because one underwent a host-shift from another fig species. Alternatively, they could 
result from more complicated scenarios involving combinations of ancient 
splits/duplications/host shifts and subsequent lineage sorting. 
Host-shifting is well established as one of the most important mechanisms in the 
radiation of many herbivorous insect taxa (Cook et al, 2002; Lopez-Vaamonde et al., 
2003; Morse & Farrell, 2005). For example, gall wasps (Cynipidae) show several host 
shifts in their evolutionary history, despite host-plant choice being strongly conserved 
phylogenetically (Ronquist & Liljebald, 2001). It is difficult to understand how a fig-
pollinating wasp might speciate without a host-shift or host plant speciation event. One 
potentially important factor that could cause gene flow restriction and sympatric 
speciation in insects is Wolbachia, an alpha-proteobacteria. Wolbachia infections can 
cause reproductive incompatibilities between infected and uninfected hosts, or more 
importantly, between populations with different infections. It is the latter that is thought 
most likely to facilitate or even cause host speciation (Bordenstein et al., 2001; 
Teleschow, 2002; Teleschow et al., 2002; Teleschow et al., 2005; Werren, 1998). The 
incidence of Wolbachia in pollinating fig wasps is the highest of all insect taxa studied 
with ca 70% of Australian and Panamanian species harbouring infections (Haine & 
Cook, 2004; Shoemaker et al., 2002). 
Most studies on fig/pollinator specificity have been either general literature surveys 
(Berg & Wiebes, 1992; Rasplus, 1994; Wiebes, 1994), or detailed studies of a few 
species at one or a few sites (Lopez-Vaamonde et al., 2002; Molbo et al., 2003). These 
have revealed geographic variation in pollinator species and local coexistence of 
alternative pollinators. A recent study (Haine et al., 2006) combined these two 
approaches by studying one fig species (Ficus rubiginosa) with a large geographic 
range, and sampling 70 fig-pollinating wasps {Pleistodontes imperialis) from several 
sites across that range. Haine et al., (2006) applied four different genetic markers; 
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sequences from one mitochondrial and two nuclear wasp genes and from one 
Wolbachia gene to explore the genetic variation in P. imperialis. They found evidence 
for four cryptic species based on deep divisions in the mtDNA phylogeny, and 
concluded that speciation of the fig wasp has occurred without either host shifts or 
parallel host plant divergence. However, the study was limited by two factors: 1. A 
sample size of 70 is relatively small considering the large geographic range and the 
potential number of species uncovered and 2. Sequence data reflects genetic variation 
created over millennia and may not detect subtle difference between extant populations. 
They can not be used alone to infer current gene flow between populations and, 
therefore, to demonstrate unequivocally the presence of cryptic species. 
In this paper we applied microsatellite markers to the 70 fig wasp samples from the 
previous study (Haine et al, 2006) and an additional 170 wasps from across the natural 
geographic range of the host plant. We also typed each additional wasp into one of the 
four mitochondrial DNA clades, resulting in a large genetic database for analysis. This 
allowed us to compare gene flow and genetic variation between the mtDNA clades and 
also across the geographic range. 
5.2.1. BACKGROUND BIOLOGY 
Ficus rubiginosa (Ficus section Malvantherd) has a wide geographic range (about 
3000km North-South and up to 200 km inland) along the East Coast of Australia 
(Dixon, 2001). It inhabits diverse habitats, including rainforest, granite outcrops and 
rocky coastal areas, and has also been introduced to other parts of Australia (Adelaide 
and Melbourne), New Zealand, USA, Israel and Spain. Ficus section Malvanthera has 
recently been taxonomically revised and F. rubiginosa is now considered to have two 
forms with one difference. The rubiginosa form has leaves that are variously hairy, 
while the glabrescens form lacks these hairs (Dixon, 2001). The rubiginosa form has 
the largest range and is found from Cape York down the East Coast of Australia to 
Southern New South Wales (NSW), while the glabrescens form has the same northern 
distribution but does not extend south into NSW. Only one pollinator wasp species, 
Pleistodontes imperialis, has been recorded, despite a recent taxonomic revision of the 
genus Pleistodontes, which led to descriptions of four new Pleistodontes species from 
other fig species (Lopez-Vaamonde et al, 2002). However, there are two colour forms 
of P. imperialis: most individuals are black but some from the Townsville (N. 
Queensland) region are yellow. Morphological studies revealed no clear differences, 
78 
except for colour (Lopez-Vaamonde et al, 2002); however, recent molecular data 
suggest multiple cryptic species (Haine et al., 2006). 
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5.3. Materials and Methods 
5.3.1. Field Samples 
Between 1998-2005 ripe syconia were collected from F. rubiginosa trees growing at 
many disparate locations throughout the natural range of this plant. Wasps were allowed 
to emerge naturally from their syconia and were then stored in 95% ethanol at -20°C. A 
total of 243 female wasps (including 71 wasps from Haine et ah, (2006)) were used in 
genetic analyses. Samples were collected from 18 sites in Australia, as well as from two 
introduced populations in USA {n=6) and Spain {n=3). The 18 sites were divided into 5 
geographical regions across the east coast of Australia, before analysis, as follows: 
Atherton Tablelands, Townsville, Brisbane, Sydney and Melbourne. 
5.3.2. Molecular Methods 
The head was removed from each insect and retained as a voucher specimen, and DNA 
was extracted from the remaining body parts using a simple Chelex extraction 
procedure (West et al, 1998). 
We amplified a 440 bp fragment of mitochondrial cytochrome b (cytb) for all wasps 
using the primers CBl and CB2 (Jermiin & Crozier, 1994). Amplification of cytb was 
performed in 50ul reaction volumes containing 1 x PGR buffer with MgClz (Quigen), 
0.2|xM of each dNTP, lOng of DNA template, 0.35fxM of primer and 0.6U Taq 
polymerase. We used 35 cycles of 30s at 95°C, 1 min at 45°C, 1 min 30s at 72°C, and a 
final elongation step of 7min at 72°C. To type each wasp into one of the four cytb 
clades described by (Haine et al., 2006) we developed a fast screening test that used two 
restriction enzymes in independent digestions (Figure 5.1). Restriction enzyme 
digestion was performed in 20ul reaction volumes containing 1 x RE buffer, 0.2[xl 
acetylated BSA (10|ig/|il), 5U restriction enzyme (MboI/Hsp92II) and 15ul cytb PGR 
product. The digestion was performed for 90m at 37 °G. The entire restriction digest 
product was then electrophoresed through a 1% agarose gel and visualised under UV 
after Ethidium Bromide staining. 
Microsatellite PGRs were set up in 15p] reaction volumes containing 1 x PGR buffer 
with MgCli (25 mM) (Qiagen), 0.2|iM of each dNTP, 5ng of DNA template, 0.35|^M of 
primer and 0.6U Taq polymerase. The cycling program started with denaturing at 95°G 
for 12min. Amplification consisted of 15 cycles of denaturing at 94°G for 15s, 
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annealing for Imin at 52°C, extension for 15s at 72°C, followed by 15 cycles of 
denatimng at 89°C for 15s, annealing for Imin at 48°C, extension for 15s at 72°C, with 
a final extension for lOmin at 72 °C. The microsatellite loci and primers are 
summarised in Table 5.1. Samples were run on an ABI 3700 machine, and alleles 
scored using Genotyper 2.5 software (Applied Biosystems). 
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A . 
V . -i"'/ 
% 
%1 500bp 
Clade 4 Clade 3 Clade Cytb Ladder 
1 or 2 PCR 
B . 
SOObp 
Clade 2 Clade 1 Cytb Ladder 
PCR 
Figure 5.1. Gel elctrophoresis of cytb restriction enzyme digestion. 
A. Shows result of Mbol digestion that divides wasp into clade 3, 
clade 4 and clade (1 or 2). 
B. Shows results of Hsp92n digestions that divides wasp into clade 1 
and clade 2. 
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5.3.3. Data Analysis 
5.3.3.1. Population Genetic Analysis 
We examined within population genetic variation for each of the 5 regions and each 
cytochrome-b clade using descriptive population genetic parameters, such as total 
number of alleles per locus (NA), number of private alleles (per population) (Np), allelic 
richness (an estimation of the number of alleles per population standardized using the 
rarefaction method) (AR) (El Mousadik & Petit, 1996), observed (Ho) and expected (HE) 
heterozygozity, and linkage disequilibrium (LD) between pairs of loci. Hardy-Weinberg 
genotypic equilibrium (HWE) was tested for each locus in all populations defined by 
geographical site and cytochrome-b clade. Weir & Cockerham estimates of genetic 
differentiation between geographical sites and cytb clades {Fst ) and inbreeding {Fis) 
were calculated using FSTAT (Goudet, 1995). Averages are given with either standard 
errors (SE) or confidence interval (CI). To test the significance of genetic differentiation 
between i) geographical sites and ii) cyth clades the Fisher's exact test was performed 
using FSTAT (Goudet, 1995). 
The Fst values are used as a qualitative estimates of gene flow as follows (Hartl & 
Clark, 1997): 
> Fsr < 0.05 implies that gene flow is high 
> Fst between 0.05 and 0.15 implies that gene flow is restricted 
> Fst between 0.15 and 0.25 implies that highly restricted gene flow 
> Fst is > 0.25 implies that extremely restricted. 
These analyses were performed using POPGENE Version 1.3.2 (available at 
http://www.ualberta.ca/~fveh/in-dex.htm^ and FSTAT Version 2.9.3.2. (Goudet, 1995) 
(available at http://www. Unil.ch/izea/software/fstat). The effects of i) geographical site 
and ii) cytb clade on allelic richness, were each tested using a one-way ANOVA 
(Analysis of Variance) in Excel. As allelic richness data are counts, which violate the 
assumptions of homogeneity of variances and normality, they were transformed using 
the square root function prior to analysis. 
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5.4. Results 
5.4.1 Geographic distribution of Cytochrome-b clades 
There is a north to south decline in the number of clades being detected across the 
Eastern Coast of Australia (Figure 5.2). All 243 diploid female fig wasps were typed, 
using the PGR and RE diagnostic tests into the 4 cytochrome-b clades previously 
described by (Haine et al., 2006). Clade 3 was the most abundant, comprising of 42% of 
the fig wasps (102/243). Interestingly, all the extra wasps from USA («=6) and Spain (n 
=3) belonged to clade 3. It was previously thought that all the wasps in clade 2 were 
yellow (Haine et al, 2006); however, we also detected a number of black wasps in this 
clade (29%, 9/31). In addition, we found two yellow wasps in clade 3. However, all of 
these samples (yellow clade 3 and the black clade 2) were all collected from the same 
site, and more than likely the same tree. 
5.4.2 Genetic diversity across cytochrome-b clades 
Microsatellite marker characteristics for Pleistodontes imperialis are shown in Table 
5.1. The number of alleles amplified per locus ranged from 10 to 32 with a mean (±SE) 
of 19.1 ±2.6. 
The numbers of private alleles (Np) were 6, 14, 11 and 7 for clades 1 to 4, respectively. 
Since the mean number of alleles is dependent on sample size, allelic richness per locus 
and clade was also calculated (Table 5.2). The mean allelic richness (AR) did not differ 
significantly across the clades (ANOVA: 28 = 2.48, P - N.S; Table 5.2). 
Approximately half of the locus-pair tests indicated significant deviations from linkage 
disequilibrium (65/112, P<0.05). Observed heterozygotes per locus and over all loci in 
each clade were lower than expected (except Locus 10, Clade 2) (Table 5.2 and 4). This 
is reflected in the estimates of inbreeding (Fis), which showed high values for each 
clade (Table 5.3). The estimated total Fis over all loci was 0.54 (95% CI 0.42-0.67). 
Due to the overall lack of heterozygotes, probably due to high amounts of inbreeding 
and regional variation, no loci were in Hardy-Weinberg Equilibrium (HWE). 
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Figure 5.2. Geographic distribution across the eastern coast of Australia of the four 
different cytb clades. 












Pli2 (AG)ii F : A A C C A G C G C G T A T G T T T C T C 
R : T T G G A A C T T C G T C G T C T C G 
52 260-286 
Pli3 (CT)i3 F R C G C A T C A A G C T G C A G A A A A G 
R : T A T A G T G C G C T G C C A A A C T G 
52 98-134 
Pli4 (AG)i3 F ; T T C T C C C T T G C A A A C G A T T C 
R I C C G A A T T C A C C A G T T T T T G G 
52 262-289 
Pli5 (CT)i8 F : A G C G C A T T T T C C T C T C A C T C 
R : G C T C G C T A A T C C A G T T C A C C 
52 120-140 
Pli6 (CDii F : C G T T A A T T A G C A G G C G A T T C C 
R ; A T A A A C G C A A A C G A C G T T C C 
52 208-258 
Pli8 ( C D n F : G C G C A A C G C A A A A G T A A G T C 
R : G T G C A G C T G T T A A G C T T T C G 
52 170-200 
PlilO (CT)M F: C A A C A C A A A C G A T G A T G A C G 
R : G C C G C G A A G A T A A A G A T G G 
52 119-135 
Pli l l (CT)io F : C G A T A C T A C C T C G T G A A G C T G 
R : C G T T T T A A T C T C G T A G G C G T A T C 
52 210-228 
Table 5.1. Characterisation of eight microsatellite markers in P. imperialis. 
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P//2 P//3 Pli4 PUS PUG Pli8 Pino Plill 
Clade 1 
(n=45 ) 
NA 7 14 9 12 14 15 13 7 
NP 0 0 0 3 2 0 1 0 
A R 7 12 8 11 13 14 12 7 
Ho 0.20 0.28 0.09 0.22 0.14 0.24 0.30 0.21 
H E 0.33 0.38 0.31 0.43 0.42 0.45 0.42 0.38 
Clade 2 
( N = 3 9 ) 
N A 9 9 17 4 15 11 5 5 
NP 2 0 8 0 3 0 0 1 
A R 9 9 17 4 15 11 5 11 
Ho 0.11 0.31 0.17 0.07 0.10 0.21 0.33 0.04 
H E 0.41 0.42 0.44 0.27 0.44 0.44 0.30 0.10 
Clade 3 
( / i=102 ) 
NA 8 13 17 12 19 17 16 9 
NP 3 0 2 1 2 1 1 1 
A R 7 12 12 10 14 13 12 8 
H O 0.23 0.19 0.05 0.15 0.11 0.17 0.21 0.19 
H E 0.41 0.44 0.43 0.35 0.42 0.39 0.41 0.43 
Clade 4 
( / i=57 ) 
NA 4 19 10 6 11 15 5 5 
NP 0 1 4 0 2 0 0 0 
A R 4 7 9 6 8 14 4 5 
H O 0.38 0.10 0.02 0.16 0.23 0.23 0.02 0.07 
H E 0.28 0.24 0.32 0.33 0.30 0.46 0.06 0.14 
NAtotal number of alleles; Np number of private alleles; AR Allelic richness; 
Ho Observed heterozygozity; He expected heterozygozity; n represents 
number of analysed wasp individuals. 
Table 5.2. Population genetic summary statistics for each cytb clade. 
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n A R HO HE FIS 
C L A D E 1 45 10.50 0.21 0.39 0.46 
C L A D E 2 39 10.13 0.17 0.35 0.54 
C L A D E 3 102 11.00 0.16 0.41 0.60 
C L A D E 4 57 7.13 0.15 0.27 0.43 
Table 5.3. Mean allelic richness (AR), observed heterozygozity (Ho), expected 
heterozygozity (HE), and estimates of inbreeding (FIS) coefficient over all loci for 
each cytb clade. 
n represents number of wasps analysed. 
5.4.3. Nuclear genetic population differentiation between cytochrome-b clades 
The Fisher's exact tests performed on the pair-wise comparisons of Fst values across 
the four cytochrome-b clades indicated significant population differentiation between all 
four clades (Table 5.4). Pair-wise Fst values ranged from 0.10 to 0.34, indicating 
restricted gene flow between all four clades. Additionally, both clades 1 and 2 showed 
pairwise Fst values, versus clade 4, that are greater than 0.25, indicating extremely 
restricted gene flow. These clades are often found in the same geographical location 
(Figure 5.2). 
C L A D E C L A D E C L A D E C L A D E 
1 2 3 4 
C L A D E 
1 
C L A D E 
2 0.21** 
C L A D E 
3 0.10* 0.13* 
C L A D E 
4 0.29*** 0.34*** 0.24** 
Gene Flow Fst 





Table 5.4. Estimates of genetic differentiation (Fst) between cytb clades of P. 
imperialis. Population divergence for each comparison was significant (P < 0.05) 
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5.4.4 Genetic diversity across the geographic range 
Total numbers of private alleles of 3, 2, 7, 13 and 12 were observed in Melbourne, 
Sydney, Brisbane, Tovmsville and Atherton Tablelands populations, respectively. Since 
the mean number of alleles is dependent on sample size, allelic richness per locus and 
clade grouping was also calculated (Table 5.5). The mean allelic richness did not differ 
significantly across the sites (ANOVA: F4,35 = 0.476, P = n.s; Table 5.6). Townsville 
and Tablelands had the two highest allelic richness values, which is not surprising, as 
these northern sites also had the most cytochrome-b clades present (Figure 5.2). 
Approximately 75% of the within region locus-pair tests indicated significant deviations 
firom linkage disequilibrium (102/140, f<0.05). Observed heterozygotes per locus and 
over all loci in each site were lower than expected (except Loci 10 and 11, Sydney and 
Locus 2, Brisbane) (Table 5.5 and 5.7). Correspondingly, inbreeding values were high 
at all sites, with the highest Fis value found in the Tablelands (Table 5.6). Tablelands 
contained members of all four cytochrome-b clades and also had the highest allelic 
richness of all the sites examined, so it is perhaps surprising to find it had the highest 
Fis value. However, the high Fis value indicates high amounts of inbreeding and 
suggests that breeding may be restricted to members of the same clade or cluster, as 
expected if these groupings represent cryptic species. Due to the overall lack of 
heterozygotes, no loci were in Hardy-Weinberg Equilibrium (HWE). 
89 
P/ /2 Pli3 Pli4 PUS Pli6 PUS PlilO PI ill 
Melbourne 
(n = 4 1 ) 
NA 6 1 1 4 1 2 7 1 1 1 0 5 
NP 0 0 0 2 0 0 1 0 
AR 6 9 4 1 0 6 1 0 9 5 
Ho 0 . 3 1 0 . 3 2 0 . 1 1 0 . 2 3 0 . 1 3 0 . 1 9 0 . 3 7 0 . 2 3 
HE 0 . 3 1 0 . 3 6 0 . 2 9 0 . 4 1 0 . 3 6 0 . 4 4 0 . 4 6 0 . 3 2 
Sydney 
(n = 3 2 ) 
NA 6 6 3 1 0 8 1 1 1 1 6 
NP 0 0 0 0 0 0 2 0 
AR 6 6 3 1 0 8 1 1 1 1 6 
Ho 0 . 2 4 0 . 2 3 0 . 0 2 0 . 4 0 0 . 2 1 0 . 3 8 0 . 4 8 0 . 3 8 
HE 0 . 4 0 0 . 3 1 0 . 2 1 0 . 4 2 0 . 3 8 0 . 4 6 0 . 4 4 0 . 3 3 
Brisbane 
(n = 75 ) 
NA 3 1 1 1 3 1 1 1 3 1 6 1 0 7 
N P 0 0 5 0 1 0 1 0 
AR 3 7 1 0 7 8 1 3 7 6 
Ho 0 . 3 2 0 . 1 1 0 . 0 4 0 . 1 6 0 . 2 6 0 . 2 7 0 . 0 5 0 . 0 7 
HE 0 . 2 6 0 . 2 7 0 . 3 3 0 . 3 1 0 . 3 4 0 . 4 5 0 . 2 0 0 . 2 0 
Townsville 
(n = 54 ) 
NA 1 1 1 2 1 6 4 1 8 1 0 8 9 
NP 2 0 8 0 2 0 0 1 
AR 1 0 1 0 1 2 4 1 5 9 5 7 
Ho 0 . 1 0 0 . 3 0 0 . 0 9 0 . 0 8 0 . 0 8 0 . 1 4 0 . 2 2 0 . 1 4 
HE 0 . 4 3 0 . 4 3 0 . 4 3 0 . 2 6 0 . 4 5 0 . 4 2 0 . 3 6 0 . 4 1 
Tablelands 
(n = 8 4 ) 
NA 1 1 1 1 1 6 8 1 0 1 4 7 9 
N P 0 3 6 0 3 0 0 0 
AR 9 9 1 1 6 1 1 1 0 6 7 
Ho 0 . 2 4 0 . 1 6 0 . 0 7 0 . 0 6 0 . 0 8 0 . 1 3 0 . 1 6 0 . 1 0 
HE 0 . 4 1 0 . 4 2 0 . 4 3 0 . 3 2 0 . 3 9 0 . 3 8 0 . 3 7 0 . 4 0 
NAtotal number of alleles; Np number of private alleles; AR Allelic richness; 
Ho Observed heterozygozity; He expected heterozygozity; n represents 
number of wasp analysed. 
Table 5.5. Population genetic summary statistics for the five geographic regions. 
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Site n AR Ho He Fis 
Melbourne 33 7.38 0.24 0.37 0.37 
Sydney 26 7.63 0.29 0.37 0.20 
Brisbane 69 7.63 0.16 0.29 0.46 
Townsviile 41 9.00 0.15 0.40 0.63 
Tablelands 84 8.63 0.13 0.39 0.68 
Table 5.6. Mean allelic richness (AR), observed heterozygozity (Ho), expected 
heterozygozity (HE), and extimates of inbreeding coefficient (FIS) over all loci for 
each geographic range of P.imperialis. 
n represents number of wasps analysed. 
5.4.5. Nuclear Genetic population differentiation across the geographic range 
The Fisher's exact tests performed on the pair-wise comparisons of FST values across 
the sites indicated significant population differentiation between all 5 sites (Table 5.7). 
Pair-wise FST values ranged from 0.05 to 0.28, indicating some restriction of gene flow 
between all sites. The values showed strong correspondence to the geographical 
distance between sites, with sites that are adjacent to each other showing lower FST 
values than those that are not. 
Melbourne Sydney Brisbane Townsviile Tablelands 
Melbourne 
Sydney 0.05 
Brisbane 0 .27*** 0 .28*** 
Townsviile 0.22** 0.21** 0.24** 
Tablelands 0.20** 0.20** 0.24** 0.09 
Table 5.7. Estimates of genetic differentiation (FST) between sites of P. imperialis. 
Population divergence for each comparison was significant (P < 0.05). 
Gene Flow Fst (Hartl & Clark, 1997): 
* Restricted 
** Highly restricted 
*** Extremely restricted 
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5.5. Discussion 
5.5.1 mtDNA clade diversity and distribution 
A recent study by Haine et al. (2006) revealed deep divergences in the within-species 
mtDNA phylogeny of P. imperialis, suggesting the presence of cryptic species. Haine et 
al. (2006) also showed that while all four mtDNA clades were present in the northern 
part of the species range, only one was present in the southern (NSW) part of the range. 
However, Haine et al. (2006) did not study nuclear gene flow between the putative 
species and used only 70 individual wasps to detect the initial patterns. 
We have extended the previous work considerably, both in terms of the number of 
individuals typed (250) and by adding data from 8 polymorphic nuclear microsatellite 
loci. To do this, we developed new microsatellite loci (Chapter 4) and also developed a 
rapid PCR-RFLP test (this chapter) to assign individuals to mtDNA clades 1-4 rapidly 
and cheaply without the need to sequence them. 
Our expanded dataset confirms the general picture reported by Haine et al. (2006), but 
the increased sampling also reveals important changes. First, it was previously thought 
that clade 2 contained all and only yellow wasps; however, our increased sampling 
revealed several black wasps in clade 2 (29%, 9/31) and two yellow wasps assigned to 
clade 3. Consequently, yellow colouration does not automatically mean that a wasp 
belongs to clade 2 and black does not automatically mean that it does not belong to 
clade 2, although both associations are usually true. Interestingly, these wasps all were 
collected from the same tree at Pallerenda, Townsville on the same day. This indicates 
that these wasps may be hybrid wasps from crosses between clade 2 and clade 3 
individuals, meaning that the yellow colouration may be a morphological character for 
clade 2 wasps. 
Overall, clade 3 was the most abundant, comprising 42% (102/243) of all wasps, and 
most widespread, occurring in all five geographic regions studied in the natural range. 
Interestingly, samples of wasps introduced to other countries (USA and Spain) were all 
members of clade 3. Our enlarged sample of wasps also supports the north to south 
decline in the number of clades present reported by Haine et al. (2006), but the pattern 
has been modified to 4 (North Queensland) — 3 (South Queensland) — 2 (Sydney / 
Melbourne), instead of 4 — 2 — 1. This is simply an effect of increasing the sample 
size to 250 wasps. 
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5.5.2, Microsatellite analysis of mtDNA clades - cryptic species? 
Haine et al, (2006) found large (9-17%) nucleotide differences between the four cytb 
clades, suggesting that they represent four cryptic species. In order to explore this 
further we typed 8 microsatellite loci for all 243 female wasps. We found many private 
alleles (6 to 14) for each clade, but allelic richness did not differ significantly between 
the four clades. Inbreeding within cytb clades was high with an average Fjs value of 
0.54 and the highest value (0.6) in clade 3. High Fis values are expected, due to the high 
levels of sib-mating that result from the fig wasp lifecycle. Since clade 3 was the most 
abundant and widespread, these results suggest that clade 3 wasps do indeed mate with 
each other rather than with members of clades 1, 2 and 4, and support the idea of cryptic 
species. 
Haine et al., (2006) showed that clade 3 wasps have a single Wolbachia infection (Wl), 
that differs from the double infection (W2+W3) harboured by wasps from all the other 
clades. Wolbachia infections can lead to high mtDNA divergence between populations 
by maintaining haplotype structure despite nuclear gene flow as a direct consequence of 
their maternal transmission and spread through a population (Hurst & Jiggins, 2005). 
However, Wolbachia infections could also ultimately lead to divergence in nuclear 
DNA by inducing incompatibilities between hosts infected with different strains 
(Teleschow, 2002; Teleschow et al, 2002; Teleschow et al., 2005). Further work is 
needed on the role of Wolbachia in P. imperialis, but crossing experiments are very 
demanding logistically. Haine et al. (2006) also found that clade 3 wasps differed by a 
fixed single nucleotide substitution in the wingless gene from wasps in the other three 
clades. Overall, the data here and in previous studies (Haine & Cook, 2004; Haine et al., 
2006) suggests that clade 3 wasps form a separate species within the P. imperialis 
classification. 
Wolbachia incompatibility differences between clade 3 wasps and others may have 
contributed to this reproductive isolation. Interestingly, the Wl infection has only a 
single base-pair difference in its wsp (Wolbachia surface protein) gene from the W2 
infection, while 2.5% sequence divergence has been (arbitrarily) taken to delimit 
different strains (Zhou et al, 1998). However, a recent study on mosquitoes showed that 
some Wolbachia strains may possess identical wsp sequences but have different 
compatibility types, attributable to differences in key phenotype-inducing transposable 
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element sequences (Sinkins et al., 2005). A similar situation may occui- here with the 
W1 and W2 Wolbachia infections. 
FST values indicated restricted gene flow between all pairs of clades (>0.05) and highly 
or extremely restricted gene flow in 4/6 comparisons. The highest values involved 
clades 1, 2 and 3 (0.29, 0.34 and 0.24, respectively) against clade 4. Interestingly, 
members of clades 1, 2 and 3 all co-occur frequently with clade 4, so current geography 
cannot explain this pattern. However, clade 4 is restricted to Queensland, whereas 
clades 1 and 3 also occur in NSW, so geographic isolation may contribute to FST values. 
In contrast, the geographic ranges of clades 2 and 4 are very similar and yet they also 
show extremely restricted gene flow. Haine et al. (2006) showed that nuclear 28S 
sequences divided P. imperialis into two clades, corresponding to mtDNA clade 4 and 
clades (1+2+3). This further supports the genetic isolation of clade 4. 
Overall, the existing data suggest that the four mtDNA clades of P. imperialis may 
actually represent four distinct species. These speciation events appear to have occurred 
recently, based on limited nuclear sequence divergence, and without host speciation or 
host shifting (Lopez-Vaamonde et al., 2002) (Haine et al., 2006). Instead, independent 
wasp speciation, possibly driven or facilitated by Wolbachia infection incompatibility 
appears to have occurred. 
5.5.3. Geographic patterns of microsatellite variation. 
Microsatellite population genetics is affected by the geographic range and structure of a 
species and so we also analysed patterns within regions. We split the geographic range 
into 5 regions: Atherton, Townsville, Brisbane, Sydney and Melbourne (arranged from 
North to South in Eastern Australia) for analysis (See Figure 5.2). The number of 
private alleles per locus for a given region ranged from 2 to 13, but there was no 
significant difference in allelic richness between regions. High Fjs values were again 
recorded, with Atherton showing the highest value and Sydney the lowest. Atherton is 
the only region with all four cytb clades and so it is not surprising to find a high amount 
of inbreeding as we expect clades to represent cryptic species that are only compatible 
with members of their own clade. If syconia are frequently entered by wasps of two 
species, but the total number of foundresses does not increase, then the foundress 
number for each species will be lower, resulting in more sibmating. Pairwise FST values 
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ranged from 0.05 to 0.28 across the five regions and showed a strong positive 
correlation with the geographical distance between sites, as one would expect. 
5.5.4. Speciation Mechanisms 
The current geographic range of F. rubiginosa is more-or-less continuous and includes 
both rainforest and drier habitats. Most other malvantheran fig species are restricted to 
one of these habitats F rubiginosa may have only recently evolved the ability to use 
both habitats. If this is the case, it may have been subject to range contractions and 
fragmentation in the past that led to pollinator genetic divergences that have persisted 
after secondary contact. There is evidence for contractions and expansions of rainforest 
in Queensland during the Quaternary, and possible earlier (Hugall et al, 2002; 
Schneider et al., 1998; Schneider & Moritz, 1998). Haine et al. (2006) estimated that 
the cytb clades diverged 4.4 - 7.1 MY A, based on a general mtDNA clock. This was 
well before the Pleistocene era; however, similar palaeoclimatic processes before the 
Quaternary may have resulted in geographically isolated populations of P. imperialis 
and contributed to differences in geographic distribution of the four clades (Haine et al, 
2006). Interestingly, cryptic Pegoscapus fig pollinating wasps species in Panama are 
also estimated to date from a similar time-span (1.5 - 5.1 MY A). However, given the 
frequency of Wolbachia infections in fig-pollinating wasp species, and their ability to 
influence host mtDNA patterns, any such dates should not be taken too seriously. 
Genetic analyses using both cytb clades and geographical sites as the pre-defined groups 
showed that, in general: i) there were less heterozygotes observed than expected, ii) loci 
were not in HW equilibrium and; iii) linkage disequilibrium was high. It is not 
surprising to find these results given the inbreeding lifecycle of fig wasps. If cryptic 
species were present and inbreeding within these species units occurred then we would 
expect to find high amounts of genetic structure. This form of genetic structure could 
mean that microsatellite loci became fixed for certain alleles for each cryptic species, 
therefore giving significant results for linkage disequilibrium, as these loci would be 
inherited together within the species. Further to this a high amount of inbreeding and 
internal genetic structure would violate the HWE random mating assumption, meaning 
that groups of fig wasps would not be in HWE. 
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5.5.6. Conclusions 
In conclusion Pleistodontes imperialis possibly consists of four cryptic species that 
differ in their frequency across the geographic range of the host plant in Eastern 
Australia. These species appear to have developed by independent speciation, without 
host-switching or fig speciation, and Wolbachia infections may play an important role 
in fig-pollinating wasp speciation. The cryptic species are often found at the same 
localities, in the same tree and even within the same fig. For example, as part of a long-
term survey in Townsville, we have found that most F rubiginosa syconia are entered 
by more than one foundress and that yellow and black wasps from cytb clades 2, 3 and 4 
co-enter about 20% of syconia (53/198 figs from 10 different trees over 2 years). This 
raises important ecological and evolutionary questions. Ecological theory predicts 
competitive exclusion when multiple species occupy the same niche so we must ask 
how four pollinators can coexist on one fig. The case illustrated in this paper is not an 
unusual exception, because recent studies on three continents have revealed many cases 
where a single fig species hosts two (or occasionally more) pollinator species (Lopez-
Vaamonde et al, 2002; Machado et al, 2005; Michaloud et al, 1996; Molbo et al, 
2003). 
We suggest that coexistence of co-pollinators may actually be a temporary event with 
long transient dynamics. If wasp speciation is as described here, then it could occur 
frequently as populations become isolated due to geographical barriers or microbe 
induced reproductive incompatibilities. When wasp species become sympatric again 
competitive exclusion may then occur, but rather slowly. Interestingly, as long as host-
shifting does not occur, this will not disrupt the illusion of strict cospeciation in 
phylogenies of figs and their pollinators. Alternatively, it has been shown theoretically 
that density-dependent sex ratio adjustment, operating via local mate competition and 






This thesis explores the evolution and ecology of two host-symbiont interactions. In tliis 
final chapter I present the main conclusions, ideas for future work and links between the 
two symbiotic relationships; the two study systems are: 1. Plutella xyloStella, 
Diamondback moth (DBM) and its endosymbionts Wolbachia; 2. The fig, Ficus 
rubiginosa, and its pollinating fig wasp, Pleistodontes imperialis. The term 'symbiosis' 
in its most general and original meaning refers to the intimate 'living together' of 
dissimilar organisms (de Bary, 1879). 
6.1 Diamondback moth and Wolbachia 
Intraspecific gene genealogies are influenced by demographic processes, but also by 
endosymbionts, such as Wolbachia. Wolbachia are widespread cytoplasmically 
inherited bacteria that can become associated with particular mitochondrial haplotypes 
(Ballard, 2000; Ballard et al, 1996; Ballard & Kreitman, 1994; Ballard, 2004; Charlat 
et al., 2005; Jiggins & Tinsley, 2005; Narita et al, 2006; Shoemaker et al., 2003; 
Turelli et al., 1992; van Ophijnen et al., 2005). I have presented evidence to support the 
maternal inheritance of a Wolbachia infection (PlutWBl) found in DBM from Malaysia 
and Kenya and discovered an associated mtDNA haplotype (and its associated 
derivatives). Additionally, the haplotype group was associated with a deep division in 
the mtDNA phylogeny but not in the nuclear phylogeny. 
Despite the PlutWBl having such dramatic effects on host mtDNA evolution it was 
found at a very low global frequency, approximately only 5% (n - 306) of DBMs 
possessed this infection; however, local frequencies were higher; for example, Kenya 
had an infection frequency of 12.2% {n - 41). The infection was absent from all 
countries other than Malaysia and Kenya, and our survey covered 3 different continents 
and encompassed a total of 10 countries, suggesting that Wolbachia infections can at 
times be difficult to detect. Additionally, to obtain good confidence intervals on 
infection frequencies or to be certain that the infection is absent from a locality/species, 
large sample sizes need to be obtained. Large sample sizes have associated costs of 
DNA extraction and PGR, in addition to time and so, often, this is not economically or 
logistically possible. I suggest a strategy for detecting new infections or areas/sites of 
infection that starts by screening multiple individuals in one DNA extract and 
consequently one PGR. This would allow a larger turnover for the same manual labour 
and, therefore, yield a higher probability of detection. Our screening of DBM for 
Wolbachia infections also uncovered two different A-clade Wolbachia infections in 
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Germany and Malaysia; however, these infections were found in only 1 or 2 individuals 
and so further assessments on their effects were not examined. 
I found that the PlutWBl infection at locally infected sites in Malaysia was associated 
with a significantly female biased sex ratio (proportion females = 0.62) in DBM, 
suggesting that the infection may be a sex ratio distorter. To examine this further I bred 
infected and uninfected DBM isofemale lines in the laboratory over nine generations 
and examined: 1. sex ratios and 2. infection frequencies, each generation. As expected, I 
found infected lines had a significant female biased sex ratio, whereas uninfected lines 
did not differ significantly from a 1:1 sex ratio. Further to this, I found that the infection 
frequency in infected lines decreased significantly over the nine generations, suggesting 
that vertical transmission of the bacteria is not perfect. I also found that populations 
with high infection frequencies had a higher proportion of females, directly linking the 
phenotype with the bacteria. 
The PlutWBl infection was found in equal proportions in both males and females 
indicating the bacteria were either: 1. not killing or 2. not feminising, all males. This 
result may indicate that host resistance has evolved in this system, if the female biased 
sex ratio is produced via male killing. The evolution of host resistance to male killing 
has been predicted and has recently been shown in the field. In the butterfly, 
Hypolimnas bolina one population has been found with many Wolbachia infected males 
and nearly 100% egg hatch rates. In contrast in other infected populations where the 
infection rarely occurs in males and the egg hatch rate was 50% (Charlat et al, 2005). 
Unfortunately, due to time constraints, I was unable to examine the evolution of host 
resistance to male killing in my system. However, with the presence of PlutWBl 
infection in Kenya as well as Malaysia, means that comparisons of the infection in toe 
different populations would be possible. It would be simple to get DBM populations 
from both Malaysia and Kenya and perform crosses between the two populations, using 
both infected and uninfected DBMs. However, measuring egg hatch rate is not as 
simple as it seems. I attempted to do this using both single male and single female, and 
double male and double female, crosses, and found that the data were highly variable. 
There were large variations in the number of eggs produced in addition to hatch rates 
varying considerably within each cross type. This made detection of differences 
between crosses impossible within the sample sizes I was able to work with. To assess 
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egg hatch rates within this system would require a large sample size and therefore 
probably require more than one person performing the experiments due to the manual 
work involved in breeding and maintaining DBM cultures. However, I feel that such a 
study would yield some very interesting results and insight into Wolbachia-hosi 
interactions and dynamics, not yet examined in great detail. Additionally, if evolution to 
host resistance to male-killing is found in this system then immunological comparisons 
with uninfected populations or non-resistant populations would be possible; as I have 
already shown that there are geographical sites which seem, from my survey work, to be 
uninfected. In doing such immunological the mechanism of host resistance to male-
killing Wolbachia evolution could be discovered, making it a very appealing system to 
consider for such further work. 
6.2 Fig and Fig wasp, Pleistodontes imperialis 
Figs and fig-pollinating wasps are obligate mutualists that have coevolved for ca 90 
million years. Recent studies suggest that many fig species host two wasp species. This 
would imply that wasps speciate more than (or go extinct less than) their host figs, 
however, little is known about fig wasp speciation. I extended previous work (Maine et 
al, 2 0 0 6 ) and examined variation in 8 polymorphic microsatellite loci and mtDNA 
variation (based on assignment into one of four cytb clades using a rapid PCR-RFLP 
test) for 243 fig-pollinating wasps, Pleistodontes imperialis, across the large geographic 
range of Ficus rubiginosa in Australia. The cytb diagnostic test enabled fast surveying 
and a large data set to be collected. Kirsten Wolff developed the eight microsatellite loci 
for this study and I first tested them on a sample of wasps {cytb clade 1 individuals). 
The microsatellite loci tested polymorphic and also amplified with some polymorphism 
in congeneric species. Therefore, these loci have potential for use on other members of 
the same genus. 
I showed that there was a North-South decline in the number of species {cytb clades) 
present and that cytb clade 3 was the most common and widely distributed. Clade 3 can 
sometimes be found in the same fig as wasps from other clades. However, microsatellite 
data showed that inbreeding within the cytb clades was high, and the highest inbreeding 
value (Fis) was found in clade 3 (0.6) . Additionally, I found that gene flow between all 
pairs of clades was restricted (FST > 0.05) and often extremely restricted. These data 
strongly suggests that the four mtDNA clades of P. imperialis actually represent four 
distinct species. Again, pair-wise FST between populations were greater than 0.05 and 
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showed a positive correlation with geography. Further to this, the highest regional F,s 
value was in the Tablelands region (0.68) and the lowest in Sydney (0.20). Interestingly 
Atherton Tablelands is the only region where all four clades are present and so it is not 
surprising to find a high amount of inbreeding as we expect clades to represent cryptic 
species that are only compatible with members of their own clade. 
I suspect that Wolbachia infections in P. imperialis may have driven or facilitated 
speciation. As these speciation events have occurred recently, based on limited 
sequence divergence (Haine et al, 2006), and without host speciation or host shifting 
(Lopez-Vaamonde et al, 2002). Haine et ai, (2006) showed that clade 3 wasps have a 
single Wolbachia infection (Wl), that differs from the double infection (W2+W3) 
harboured by wasps from all the other clades. I have already shown in DBMs that 
Wolbachia infections can lead to high mtDNA divergence between populations by 
maintaining haplotype structure despite nuclear flow as a direct consequence of their 
maternal transmission and spread through a population (Hurst & Jiggins, 2005). 
However, Wolbachia infections could also ultimately lead to divergence in nuclear 
DNA by inducing incompatibilities between hosts infected with different strains 
(Teleschow, 2002; Teleschow et al, 2002; Teleschow et at, 2005). Further work is 
needed on the role of Wolbachia in P. imperialis, but crossing experiments are very 
demanding logistically. Additionally, clade 3 individuals are infected with a specific 
Wl infection that differs by a single base pair in its wsp {Wolbachia surface protein) 
gene sequence with the W2 infection in other individuals, while 2.5% sequence 
divergence has been (arbitrarily) taken to delimit different strains (Zhou et al, 1998). 
However, a recent study on mosquitoes showed that some Wolbachia strains may 
possess identical wsp sequences but have different compatibility types, attributable to 
differences in key phenotype-inducing transposable elements sequences (Sinkins et al., 
2005). A similar situation may occur here with the Wl and W2 Wolbachia infections. 
Again, the example in my thesis gives more evidence to suggest that delimiting 
infections to 'species' based on single gene classifications without crossing experiments 
is only a poor approximation. 
The Wolbachia speciation scenario in P. imperialis described in this thesis could be 
investigated further by screening the 243 wasps used directly for Wolbachia infections. 
Additionally, if sequence data on more than one gene for the Wolbachia infections was 
examined and coupled with the host DNA data already obtained a much clearer picture 
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and evidence for Wolbachia driven speciation could be presented. However, in order to 
do this a large amount of sequencing and cloning (due to the double infections) would 
probably be required. This may result in results that still are not exactly clear with the 
added disappointment of a large loss of funds and time. A suggested starting strategy 
would be to examine the wsp sequence data and search for restriction enzymes that 
could diagnostically separate the W3 infection from the doubly infected individuals 
(W2 and Wl). Alternatively, one could examine another Wolbachia gene that may be 
more variable and sequence a sample from each clade to examine what Wolbachia 
genetic variants or found. Subsequently this gene could be examined for restriction 
enzyme digests. Given that Wolbachia genome is fully sequenced this may a more 
successful strategy. 
Important ecological and evolutionary questions are raised by my findings, suggesting 
the presence of more than one species of fig wasp co-occurring within Ficus rubiginosa 
syconia. Ecological theory predicts competitive exclusion when multiple species occupy 
the same niche, so how do four pollinators coexist on one fig? The case illustrated in my 
thesis is not the first, recent studies on three continents have revealed several cases 
where a single fig species hosts two (or occasionally more) pollinator species (Lopez-
Vaamonde et al, 2002; Machado et al, 2005; Michaloud et al, 1996; Molbo et al, 
2003). I feel that coexistence of co-pollinators may actually be a temporary event with 
long transient dynamics. Alternatively, it has been shown theoretically that density-
dependent sex ratio adjustment, operating via local mate competition and foundress 
numbers, can facilitate co-pollinator coexistence (Zhang et al., 2004). Examining other 
pollinating fig wasps and fig interactions in more detail by using genetic markers and 
screening for Wolbachia infections would lead to discoveries and assessment on how 
important/common independent Wolbachia driven fig wasp evolution and ultimately 
speciation actually is. Interestingly, pollinating fig wasps have been shown to harbour 
the highest recorded prevalence of Wolbachia infections in any taxonomic group 
investigated to date (Australian Fig wasp species: 67% (43/64) (Haine & Cook, 2004). 
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6.3 Conclusions 
Both host-symbiont systems studied here have a common theme, that of the ubiquitous 
bacteria Wolbachia. In DBM it is apparent that it has and is still having dramatic effects 
on mtDNA. The effect of Wolbachia seems potentially even more dramatic in the fig 
wasp example, where the host-symbiont relationship between pollinating fig wasp and 
fig may itself be affected. Therefore, an important aspect of the host-symbiont 
relationship between wasp and fig may depend on another host-symbiont relationship 
between wasp and Wolbachia. This thesis illustrates how complex host-symbiont 
relationships can be, and how, if detailed and thorough examinations of all parties 
involved are performed, the complexities of the different interactions are revealed. 
Subsequently, this leads to more interesting questions underpinning theories within 
evolution and ecology. 
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TGG TCC AAT AAG TGA TGA AGA AAC 
AAA AAT TAA ACG CTA CTC CA 
55 590-632bp Braig etal., 1998 
FtsZ FtsZFlex 
FtsZRlex 
GTT GTC GCA AWR ACY GAR GCT CA 







CAA CAT TTA TTT TGA TTT TTT GC 
TCC AAT GCA CAT AAT TCT GCC ARA TTA 
50 lOOObp Simon et a/., 1994 
RpL27a L27aForl 
L27aRev2 
ACG GTC ATG GCA GTA TCG GTA A 
ATG TTG ATG ACT GGC ACC TTG C 




TAT GTA CTA CCA TGA GGA CAA ATA TC 
ATT CGC TGA ATT TAA GCA TAT 
45 450bp Jermiin and Crozier, 
1994 
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M E T H O D S 
Cabbage Solution 
65g finely chopped cabbage leaves 
500ml double distilled water 
1. Blend together and autoclave. 
2. Remove remaining cabbage leafs by putting solution through a sieve. 
3. Emerge each foil sheet into solution for 5 seconds. 
4. Leave egg laying sheet (foil) overnight standing at room temperature to dry. 
Store at -20°C until use. 
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APPENDIX 2 Sequence Alignments 
WSP Alignment 
[ 1 11 21 31 41 51 ] 




'MAL SubgaiPalas2' TAGCTACTATGTTCGTTTGCAATATAATGGTGANGTTTTACCTTTTAAAACAAGAATTGA 
'MAL bluevalleyl' TAGCTACTACGTTCGTTTGCAATACAACGGTGAATTTTTACCNCTNTTNNCNAAAGTTGA 
DBMA ? ? ? ? ? ?CTACGTTCGTTTGCAATACAACGGTGAATTTTTACCTCTTTTCACAAAAGTTGA 
GERMANY5 TAGCTACTACGTTCGTTTGNNATNCAACGGTGAAATTTTACCTCTTTTCCCAAAAGTTGA 
'MAL BuevalleyB2' ??????????????????GCAAAACAGCGGTGAATTTTTACCTCTTTTCACAAAAGTTGA 
GERMANY4 TAGCTACTACGTTCGTTTGCAATACAACGGTGAAATTTTACCTCTTTTCACAAAAGTTGA 
DBMS ? ? ? ? ? ?CTACGTTCGTTTACAATACAACGGTGAAATTTTACCTTTTTATACAAAAGTTGA 
KEN11 TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
KEN6 TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
'MAL BertrumB?' TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
'MAL bertram2' TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
'MAL BertrumB2' TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
'MAL bertrams' TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
'MAL bertram4' TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
Acraeajentapolis TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
F4 2wsp TAGCTACTATGTTCGTTTGCAATATAATGGTGAAGTTTTACCTTTTAAAACAAGAATTGA 
F2 6wsp TAGCTACTATGTTCGTTTGCAATATAATGGTKAAGTTTTACCTTTTAAAACAAGAATTGA 
F4 5wsp TAGCTACTATGTTCGTTTGCAATATAATGGTKAAGTTTTACCTTTTAAAACAAGAATTGA 
F95wsp TAGCTACTATGTTCGTTTGCAATATAATGGTKAAGTTTTACCTTTTAAAACAAGAATTGA 










61 71 81 91 101 111 ] 
[ I I I I I I ] 
Acraea_encedon ' TGGTATTACAAATGCAA.CAGGTAAAGAAAAGGATAGTCCC TTAAC 
Amitus_fuscipennis ' TGGTATTACCTGTAAGAAAGACAAGAGTGATTACAGTCCA T?AAA 
Asobara_tabida ' TGGTATTACCTATAAGAAAGACAAGAGTGATTACAGTCCA TTAAA 
MAL SubgaiPalas2 ' CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
MAL bluevalleyl ' TGGTATTACCTATAAGAAAGACAAGAGTGATTACAGTCCA TTAAA 
DBMA TGGTATTACCTATAAGAAAGACAAGAGTGATTACAGTCCA TTAAA 
GERMANY 5 TGGTATTACCTATAAGAAAGGCAATAGTGATTACAGTCCC TTAAA 
• MAL BuevalleyB2 ' TGGTATTACCTATAAGAAAGACAAGAGTGATTACAGTCCA TTAAA 
GERMANY4 TGGTATTACCTATAAGAAAGGCAATAGTGATTACAGTCCA TTAAA 
DBMB TGGTATTACAAATGCAACAGGTAAAGAAAAGGATAGTCCC TTAAC 
KEN 11 CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
KEN 6 CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
• MAL BertrumB? ' CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
' MAL bertram2 ' CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
' MAL BertriimB2 ' CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
' MAL bertramS ' CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
' MAL bertram4 ' CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
Acraea_pentapolis CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F4 2wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F2 6wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F4 5wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F9 5wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F9 8wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F17wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F14wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
F12wsp CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT ; TTAAA 
KenA4 CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
kenK4 CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
kent4 CGGCATTGAATATAAAAAAGGAGCSGAAGTTCATGATCCT TTAAA 
SABBP4 CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
SABBP9 CGGCATTGAATATAAAAAAGGAGCCGAAGTTCATGATCCT TTAAA 
120 
121 131 141 151 161 171 ] 




MAL SubgaiPalas2' AGCATCTTTTATGGCTGGTGGTGCTGCATTTGGTTATAAAATGGACGATATCAGGGTTGA 
MAL bluevalleyl' ACCATCTTTTATAGCTGGTGGTGGTGCATTTGGTTACAAAATGGACGACATCAGGGTTGA 
DBMA ACCATCTTTTATAGCTGGTGGTGGTGCATTTGGTTACAAAATGGACGACATCAGGGTTGA 
GERMANY5 AGCGTCTTTTATAGCNGGTGGNGGTGCGTTTGGTTACAAAATGGACNACATCAGGGTTGA 





•MAL BertrumB?' AGCATCTTTTATGGCTGGTGGTGCTGCATTTGGTTATAAAATGGACGATATCAGGGTTGA 
'MAL bertram2' AGCATCTTTTATGGCTGGTGGTGCTGCATTTGGTTATAAAATGGACGATATCAGGGTTGA 
'MAL BertruinB2' AGCATCTTTTATGGCTGGTGGTGCTGCATTTGGTTATAAAATGGACGATATCAGGGTTGA 
'MAL bertrams' AGCATCTTTTATGGCTGGTGGTGCTGCATTTGGTGATAAAATGGACGATATCAGGGTTGA 


















































































































251 261 271 281 291 ] 

































301 311 321 331 341 351 ] 




MAL SubgaiPalas2' TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
MAL bluevalleyl' TATAGCAATTGAAGATATGCCTATCACTCCATACATTGGTGTTGGTGTTGGTGCAGCGTA 
DBMA TATAGCAATTGAAGATATGCCTATCACTCCATACATTGGTGTTGGTGTTGGTGCAGCGTA 
GERMANY5 TATAGCAATTGAAGATATGCCTATCACTCCATATATTGGTGTTGGCGTTGGTGCAGCGTA 





'MAL BertrumBV' TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
'MAL bertram2' TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
'MAL BertrumB2' TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
'MAL bertrams' TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
'MAL bertram4' TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
Acraea_pentapolis TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
F42wsp TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
F2 6wsp TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
F45wsp TATAGCGATTGAAGATATGCCTATCACTCCATACGTTGGTGTTGGTGTTGGTGCAGCATA 
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Australia Vic - 3' 
Malaysia Blue - 4' 
Sweden - 2' 
Malaysia Blue - 5' 
Haiwaii - 6' 
Kenya - 8' 
UK Silwood - 10' 
Kenya - 1' 
Kenya - 5' 
- Outgroup' 
1 11 21 31 41 51 ] 







































































S. Africa 3' 
Australia Vic -
Malaysia Blue -
Sweden - 2' 
Malaysia Blue -
Haiwaii - 6' 
Kenya - 8' 
UK Silwood - 10' 
Kenya - 1' 
Kenya - 5' 
- Outgroup' 
71 81 91 101 111 ] 
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Sweden - 2 ' 
Malaysia Blue - 5' 
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MALAYS IA_SA4 TAATCGTTNTNATGTTTT 
KENYA_a6 TAATCGTTTTTATGTTTT 
NZ_10 T ACGCTTTC 
AUSTRALIA_L1 T ACGCNTTC 
AUSTRALIA_B7 T ACGCTTTC 
ADSTRALIA_WA3 T ANNCNTTN 
HAPL0TYPE_2 0 T ACGCTTTC 
AUSTRALIA_WY2 T ACNCTTTN 
NZ_2 T ANNCNTTN 
MALAYSIA_S2 T ANNCNTTT 
KENYA_5 T ANNCTTTC 
UK_C2 T ACGCTTTC 
NZ_8 T ANNCNTTN 
UK_S4 T ANNNNTTN 
TAIWAN_1 T ACGCTTTN 
HAPLOTYPE_29 T ANNCTTTN 
NZ_9 T ANNCTTTN 
KENYA_T4 T ACGCTTTC 
MALAYSIA_BL4 T ANNCTTTN 
MALAYSIA B3 T ANNNTTTN 
UK_S1 T ANTCTTTC 
HAWAII_6 T ANNCTTTC 
AUSTRALIA_G1 G ACGNTTTN 
UK_S3 T ANGCTTTN 
MALAYSIA_B1 T ACGCTTTC 
MALASYIA_BF26 T ACGCTTTC 
HAPLOTyPE_40 N ACGCTTTC 
KENYA_11 T ACNCTTTN 
HAPLOTYPE_42 T -ACGCTTTC 
AUSTRALIA_M2 T ACGCTTTC 
KENYA_12 T ACGCTTTC 
HAPLOTYPE_45 T ACGCTTTC 
MALAYSIA_BL5 T ACGCTTTC 
MALASYIA_BL1 T ACGCTTTC 
AUSTRALIA_H5 T ANNCNTTC 
MALAYS IA_S1 T ACGCTTTC 
MALAYSIA_B2b T ACGCTTTC 
AUSTRALIA_WC5 T ACGCTTTC 
MALASYIA_BF42 T ACGCTTTC 
MALASYIA_SB9 T ACGCTTNC 
MALASYIA_SB6 T ANTNNTTT 
AUSTRALIA_W3 T ACNCTTTC 
KENYA_K4 T ACGCTTTC 
HAWAII_1 T ANNCTTTC 
SWEDEN_2 T ACGCTTTC 
MALAYSIA_M2 T ACGCTTTC 
KENYA_T8 T ACGCTTTC 
KENYA_A4 T ANNCTTTN 
KEHYA_K7 T ACNCTTTN 
TAIWAN_3 T ANNCTTTC 
UKOl T ACNNTTTC 
AUSTRALIA_WH7 T ACGCTTTC 
KENYA_1 N ACGCTTTC 
AUSTRALIA_B4 T ACGCTTTC 
AUSTRALIA_H4 T ACGCTTTC 
MALAYSIA_B4 T ANGCGTTC 
KENYA_4 T ACACTNTC 
AUSTRALIA_TAS7 T ANGCNTTC 
TAIWAN_7 T ANGCTTTN 
AUSTRALIA_G3 N ACGCTTTN 
MALAYIA_BL2b T ANNCNTTN 
'P. PORRECTELLA' CGAAATTCTGTGTTC 
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Final thought 
"....there is something of a divine mystery in everything 
that exists. We can see it sparkle in a sunflower or a 
poppy. We sense more of this unfathomable mystery in a 
butterfly that flutters from a twig - or in a goldfish 
swimming in a bowl. But we are closest to God in our own 
soul. Only there can we become one with the great 
mystery of life. In truth, at very rare moments we can 
experience that we ourselves are that divine mystery. " 
Sophie's World: A Novel About the History of Philosophy 
by Jostein Gaarder (Author), Paulette Moller (Translator) 
Phoenix Press 
pp 114 
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